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Assessment of the Residual Strength and Repair of
Dent-Damaged Offshore Platform Bracing
by
William Michael Bruin, B.S.
Lehigh University, 1995
The second phase of a multi-phase research program involving the residual
strength and repair of dented offshore tubular bracing is presented. Fourteen full-scale
steel tubular braces with nominal diameter-to-thickness (D/t) ratios of 34.5,46, 64, and 69
were tested, respectively, to examine the effect of dent-damage on their residual strength,
and to assess the effectiveness of internal grout repair in restoring member capacity. Both
non-repaired and repaired specimens with dent-damage were tested. The nominal dent-
depths of the non-repaired specimens varied from 10% to 30% of their diameter. Internal
grout repaired specimens were dent-damaged to nominal depths of 15% and 30% of their
diameter. All of the full-scale bracing members tested had a nominal outside diameter of
8.625 inches and were subjected to concentric axial loading to obtain force-deformation
response information. Ultimate axial strength was shown to significantly decrease with
increasing depth of dent-damage. The degradation of ultimate strength in non-repaired
specimens occurred due to a rapid growth of the dent, leading to plastic hinging in the
dented section. By arresting dent growth, the internal grout repair technique was shown
to restore the axial capacity to the original non-damaged capacity for repaired members
with dent-depths of approximately O.15D. Internal grout repair of members with more
significant dent-damage of 0.30D in depth was shown to increase axial strength above the
damaged, non-repaired capacity, however the extreme reduction of the cross-section and
larger induced out-of-straightness from the dent-damage prevented the full restoration to
the original design capacity. Existing analytical formulations for the prediction of member
behavior for both damaged and grout repaired members were evaluated. Accuracy and
reliability of these methods was found to depend on the extent of dent-damage. The
moment-thrust-curvature method in conjunction with numerical integration as well as the
non-linear finite element method were both included in the evaluation, and found to
provide the most accurate prediction of member behavior and ultimate strength over the
range of values for dent-depth and out-of-straightness involved in the test program. An
analytical parametric study using the moment-thrust-curvature based method indicated
that the interaction between member out-of-straightness and depth of dent-damage can be
significant, and that the effects of both should be considered in assessing the residual and
repaired strengths of dent-damaged steel tubular bracing members.
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CHAPTER 1
INTRODUCTION
1.1. General
At present, there are approximately 3,800 offshore platforms in the U.S. waters,
with the majority being in the Gulf of Mexico and the rest scattered along the coast of
California and in the Cook Inlet of Alaska [Banon et al., 1994]. The structures our jacket-
type platforms constructed from steel tubulars. A schematic of a typical fixed platform is
shown in Figure 1.1. The average age of these structures is roughly 15 years, while over
one-fourth have aged beyond their 20 year designed service life [Leblanc, 1994]. As the
number of older platforms continues to grow, the oil and gas industry has become
increasingly aware of the liability associated with operating an aging offshore
infrastructure. Exposure to liability, especially environmental, is becoming an especially
large burden for the industry as insurance premiums escalate to balance the risk of
platform failure and the subsequent high costs in terms of loss of lives, environmental
devastation, and wasted resources. The financial costs associated with the shut-down,
removal, and replacement of these aging platforms with more sophisticated structures are,
however, equally prohibitive because of strict regulatory and environmental requirements.
As a result, the oil and gas industry has developed a strong desire to rehabilitate its
existing offshore infrastructure, resulting in the need for the development and verification
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of methods and techniques necessary to assess platform integrity, to strengthen and repair
weakened elements, and to extend safe operational life.
As part of this maintenance and rehabilitation process, the structural integrity and
physical condition of the platform must be thoroughly evaluated before any decisions are
made about the safe operation of the structure. For the oldest of operational offshore
-platforms, this is especially challenging since the assessment of the structural capacity of
the platform is complicated by the existence of deterioration or damage of individual
structural elements. Examples of such damage or deterioration typically found in older
offshore structures includes global or local corrosion due to environmental exposure,
fatigue cracking from continuous wave loading, and dent-damage of structural members
due to collisions or impacts.
The steel jacket of an offshore structure is designed with a high level of structural
redundancy to support the large gravity loads of production equipment placed on the
platform deck while resisting large lateral loads from wave action. Photographs of an
offshore jacket which is typical of the shallow water platforms off the coast of California is
shown in Figures 1.2, 1.3, and 1.4. Tubular members are the primary structural element
used because their shape tends to minimize lateral hydrodynamic forces, provide high
torsional rigidity, and possess the same global buckling resistance in all directions. Under
lateral impact, however, the circular cross-section of these members is especially
susceptible to localized denting and ovalization that can dramatically reduce the axial and
bending capacities of individual members and weaken overall performance of the entire
offshore platform. Despite the ability of the jacket to tolerate a limited number of
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damaged or missing members, the accumulation of damage reduces the structural integrity
of the platform, which inherently increases the probability of its failure. Thus, decisions
regarding the safety and the fitness-of-purpose of existing platforms must include an
assessment that takes into account the residual strength and behavior of these damaged
members.
Statistics have indicated that the largest single type of offshore accident, accounting
for nearly 30% of all incidents, involves collisions or impacts into platform members
[Ellinas and Valsgard, 1985]. These structurally damaging incidents typically occur when
transport vessels collide with waterline elements of the platform jacket (see Figure 1.3) or
when dropped objects from the deck impact the jacket during their fall. Although the
majority of dent-damage initiated from these accidents is considered less than severe,
nearly 14% result in damage significant enough to compromise structural integrity of the
afflicted member [Ellinas and Valsgard, 1985]. Typically, bracing members of the
platform jacket are especially susceptible to impact from ship collisions or dropped objects
due to their proximity to the water line or to the inclined nature of these members that
further exposes then to the trajectory of the objects falling from the platform deck (see
Figure 1.4). At present, there are no design criteria or explicit recommendations listed in
~any of the design specification customarily used in the design of offshore platforms in the
United States, Canada, or Europe that describe specific procedures for evaluating the
residual strength or behavior of dent-damaged tubular structural elements under axial or
combined axial and bending loading. [API RP2A-LRFD, 1993; CAN/CSA-S473-92,
1992; DnV, 1984; BS-6235, 1982; Salman, 1994]. Assessment techniques for
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determining residual strength of dent-damaged tubulars is limited to formulations based on
an experimental database of primarily small-scale specimens with dent-damage with depths
commonly less than 15% of the member diameter. Design and performance information
on effective techniques to strengthened these dented members is even more scarce.
Traditional repair techniques available to operators have included the use of bolted
sections, welded sections, and clamps. These methods are costly due to extensive
fabrication requirements and long underwater installation times. The use of grout in
strengthening and repair applications has been incorporated effectively and gaining
popularity within the offshore industry because of its high strength, ease of placement, and
low cost. Grouting technology in offshore applications has been primarily developed and
proven in its use to complete the connection between the foundation and the jacket during
the installation. This connection involves the injecting of grout into the annulus that is
formed between the concentric steel tubes Uacket leg and foundation pile). Grouted repair
offers a viable alternative to the traditional repair methods, for it does not involve
underwater welding nor the highly precise fabrication requirements necessary to construct
repair components, while effectively utilizing the already well established knowledge of
underwater grouting learned from pile-jacket connections. There are two types of grouted
repairs used for repair of damaged members, namely internal grouting and grouted steel
clamps. Both are relatively simple repair techniques that do not require extensive amounts
of offshore work and utilize methods that have been proven reliable in other offshore
applications.
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Typically internal grouting involves injecting the entire damaged member with grout,
although partial grouting has been performed when the addition of extra weight was
deemed undesirable. Grouted clamp repairs involve the enclosure of the damaged section
of the member with a steel clamp, formed from two sections bolted together. The annulus
between the clamp and the damaged member is then filled with grout. The load is
transferred from the original member through the grout into the clamp itself. Internal
grout repairs are relatively simple, requiring no habitat to be constructed around the
damaged member and minimal underwater time. Grout injected into the member or
annulus, depending on the repair technique, displaces the trapped seawater by virtue of its
specific gravity. This repair technique requires the handling and positioning of the clamp
by underwater divers. A typical grouted clamp used to strengthen a fatigue damaged joint
connection is shown in Figure 1.5. This grouted clamp was used to span a K-joint
connection of a bracing member and jacket leg, relieving the fatigue joint by redistribution
of the connection stress flow.
While internal grout and grouted clamp repairs are both well developed and widely
used, the available information on the strength and performance of these repairs under
ultimate load conditions is scarce. Repair design is typically based on full composite
action theory for the internal grouting, while typically the extrapolation of strengths from
studies on pile-jacket connections are used to develop predictions for a grouted clamp.
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1.2. Assessment of the Residual Strength of Dent-Damaged Members
Numerous studies concerned with the residual strength of dent-damaged members
have been reported in the literature. These studies have included both analytical and
experimental investigations, and have focused primarily on the behavior of non-repaired,
dent-damaged tubulars. The analytical investigations have included approaches that
ranged in complexity from simple closed-form solutions to extensive non-linear finite
element analysis. Most of the experimental effort has involved small scale tubular
specimens. In both the previous experimental and analytical studies, the range of dent-
depth primarily ranged from 0% to 15% of the member's diameter.
1.2.1. Previous Experimental Research
Several investigations have been carried out to experimentally determine the
influence of dent-damage on the residual strength of tubular members and to document the
pre- and post-ultimate behavior of damaged tubulars. Salman [1994] presented an
extensive overview of research in this area. This section of the report is intended to briefly
describe those earlier experimental studies and to identify gaps in the current experimental
database. The results reported in these previous studies have been placed into an
experimental database to enable the assessment and comparison of various analytical
techniques that are currently available for predicting residual capacity of dent-damaged
tubulars. This assessment and comparison is presented in Chapter 4. Previous test data
that was placed into this database include the experimental results from steel tubular
specimens that were loaded axially, having simple-supported boundary conditions and
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possessing dent-damage at midspan of the total length of the specimen. Figure 1.5 shows
the range of diameter-to-thickness (D/t) ratios and corresponding dent-depths for the
damaged specimens that have been tested previously and placed in the database. Also
shown in the figure are the test specimens proposed for the program reported herein. A
comparison of experimental ultimate capacities of the previously tested specimens is
shown in Figure 1.6, where a significant reduction in ultimate axial capacity that is
associated with increased depth of dent-damage is apparent.
Smith et al.
The effect of dent-damage on the behavior of tubular members subjected to axial
compression was first studied by Smith, Kirkwood, and Swan [Smith, Kirkwood, and
Swan, 1979]. In their experimental investigation, sixteen one-quarter scale specimens
were tested under concentric and eccentric axial loads. The diameter-to-thickness (D/t)
ratio ranged from 29.0 to 88.1, dent-damage with depths between 1% and 8.2% of the
specimen diameter (D), and global out-of-straightness (op) from 0.0005L to 0.0290L.
Smith et al. [1979] observed that a substantial loss in strength occurred as dent-growth
increased, as shown in Figure 1.7.
Two full scale tests on tubular braces recovered from a North Sea platform were
later conducted by Smith, Sommerville, and Swan and compared with two smaller models
of 1/4 and 1/6 scale [Smith, Sommerville, and Swan, 1981]. The scale models closely
matched the details of two corresponding full scale members, having D/t ratios of 31 and
40 and dent-depths of 0% (e.g. no dent) and 13% of the specimen diameter, respectively.
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The first specimen lacked dent-damage, but was considered damaged since it suffered
from severe global out-of-straightness (Dp =O.005L). Good agreement between the small-
and fuII-scale specimens was observed in the pre-ultimate and ultimate load ranges,
however discrepancies in the post-buckling behavior were noted. These tests provided
further evidence that dent-damage and global bending significantly reduces the
compressive strength of tubular members.
Taby et al.
A series of tests on smaII-scale tubulars were undertaken by Taby, Moan, Rashed
and Yao on several occasions to obtain a larger and more comprehensive database to
improve the calibration of their semi-empirical computer based analysis model for
predicting damaged member behavior, DENTA and DENTA II [Taby, Moan, and Rashed,
1981; Taby and Moan, 1985; Taby, 1986; Yao, Taby, and Moan, 1988]. In total, 107
tubes were tested, however only 18 of these specimens had simple-supported boundary
conditions, which were subjected to concentric axial load, and had dent-damage located at
midspan. The results of these 18 specimens were included in the database developed for
this report. These particular specimens had D/t ratios between 12 and 136, midspan dent-
depths ranging from O.02D to O.22D, and out-of-straightness (Op) ranging from O.0005L
to O.008L. The other discarded tests included loading schemes· to investigate double
curvature, fixed end boundary conditions, different dent geometries, and dent-damage
located at positions other than midspan. Dent-depth was reported to be the most
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significant of all factors which reduced the ultimate capacity of a dented member.
Experimental axial capacities are shown in Figure 1.7.
Pacheco and Durkin
This experimental program consisted of testing five specimens in order to calibrate a
large-displacement finite element shell model [Pacheco and Durkin, 1988]. All of the.
specimens had a D/t = 33.1, dent-damage with depths of either O.005D or O.087D, and
out-of-straightness that ranged from O.0007L to O.0018L. Axial capacity was shown to be
reduced due to thjllent, where the test results are included in Figure 1.7.
agreement was obtained between the finite-element model and experimental
Good
results.
Additional comments about the finite element method (FEM) model are included in the
analysis section of this chapter.
Veda and Rashed
Twenty-one small-scale tubes were tested in groups based on their nominal D/t
ratios of 34, 55, and 64 [Veda and Rashed, 1985]. One specimen in each group was
tested without dent-damage and served as a baseline comparison, while the other
specimens were dented at depths of either O.05D or 0.10D. The out-of-straightness in
these tests of non-repaired specimens ranged from O.0004L to O.0012L. These specimens
were tested in bending through the application of lateral concentrated forces equidistant
from the dent-damage, where the dent was subjected to either compression or tension
depending on the orientation of the damaged region with respect to the applied lateral
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loading. It was found that subjecting the dent to tension did not reduce the ultimate
capacity of the member.
Landet and Lotsberg
A total of 35 ultimate load tests were performed on short columns and beam-
columns subjected to direct axial load, pure bending, and combined loading [Landet and
Lotsberg, 1992]. The specimens had nominal D/t ratios of 31 and 46.7, dent-depths of
O.OD (e.g. no dent), O.lOD, and O.20D, however out-of-straightness values were not
reported. Their results produced moment-thrust-curvature (M-P-<I» relationships of the
dented segments, and indicated, like the previous studies, that the ultimate capacity of the
tubular was significantly reduced by the existence of dent-damage.
Rides, Gillum and Lamport
Rides, Gillum, and Lamport tested nine full-scale bracing members with nominal D/t
ratios of 34.5, 46, and 64 [Rides, Gillum, and Lamport 1992]. This study was the first
phase of the experimental program presented in this report. Two specimens of each D/t,
one eccentrically loaded and the other concentrically loaded, were dent-damaged at
midspan to a nominal depth of at O.lOD. Additionally, a specimen at each D/t was tested
without dent-damage to serve as a baseline for evaluating the effects of damage on
ultimate capacity and behavior of the member. The study, whose results are induded in
Figure 1.7, also reported significant loss in member strength due to the dent-damage. A
12
growth of dent-depth under applied loading and the subsequent reduction in cross-section
were cited as the cause of failure.
1.2.2. Previous Analytical Research
In addition to the experimental research, several analytical formulations for
predicting the ultimate capacity of a damaged tubular member subjected to axial
compression have been proposed in several previous studies. Salman [1994] presented an
extensive overview of the analytical research in this area. The theoretical approach as well
as the relative complexity of each of the analytical methods discussed herein are used as
the basis in which these methods are categorized and presented in this report. The first
category includes simplified strength equations and beam-column formulations that
primarily predict the ultimate load carrying capacity of a dent-damaged member by using
simplified assumptions about the cross-sectional properties of the dented segment in
conjunction with equilibrium. These methods are relatively simple to use and tend to yield
conservative results in the geometric ranges over which they have been calibrated. The
second category of analytical techniques involves those that use a more complex
formulation based on the moment-thrust-curvature (M-P-cI» relationships of the dented
and non-dented tubular sections. These relationships are based on either analytical models
or empirically fit to experimental data. A numerical integration approach in conjunction
with these M-P-<I> relationships is used to obtain the force-deformation response by
considering the equilibrium and compatibility of the tubular [Fan, 1994]. Results typically
are in the form of axial load-shortening response, and have been shown to predict
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reasonably well the pre-ultimate and ultimate behavior. Accuracy of these methods,
especially in the post-ultimate region of the load-shortening response, is confined to the
range of dent-depths and diameter-to-thickness ratios that the M-<P relationships have
been calibrated to. The final method of predicting residual strength and behavior of
dented tubulars is by non-linear finite element method (FEM) analysis. This method,
which is considered the most complex of the methods discussed herein, typically provides
a good correlation with reported experimental data with accuracy equal to, or slightly
better, than that of the M-P-<p based methods. The FEM analysis enables many details of
a member to be included without making assumptions or using empirical relationships.
Details on the use of FEM analysis can be found in Salman [1994]. In Chapter 4 of this
report, more information is given pertaining to using this method to analyze large-scale
test specimens.
1.2.2.1. Simplified Strength Equations and Beam-Column Methods
Ellinas
Ellinas derived a closed form beam-column formulation based on equilibrium of the
dented section to estimate the ultimate capacity of a damaged tubular subjected to axial
compression [Ellinas, 1984]. Damage was considered in the form of a local dent at
midspan accompanied by overall lateral bending. Failure was assumed to occur when the
material adjacent to the dent saddle reached yield. Other assumptions made in the Ellinas
equation included the reduction of the dent to two flat inclined plates which intersect at
the maximum dent-depth, where resistance is represented by plastification stresses O'pd.
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Based on equilibrium of a damaged tube section under concentric axial load, Ellinas
[1984] estimated the ultimate member stress crud of the damaged member by solving the
following quadratic equation that includes second order effects:
J,<f.,++C',,)., + '1:' + J.]"., + ~ + ""[ '1:'] = 0 (L I)
where, ed is the eccentricity that exists in the dented region between the centroid of the
damaged and non-damaged sections, fy is an equivalent squash stress of the dented section
(not the yield stress cry), cre is the Euler buckling stress, and crpd is equal to the initial
plastification stress in the saddle of the dent. Geometric parameters for the imperfection
and column slenderness, CXo and Ad, respectively, are defined along with all other terms, in
the list of symbols at the beginning of this report and further discussed in Ellinas [1984].
The results of this simplified approach, as defined by Equation 1.1, is shown in Figure 1.8
to generally provide a conservative lower bound for estimating the residual strength of
dent-damaged tubulars when compared to previous experimental test data.
Taby et a1.
The semi-empirical models DENTA and DENTA II, developed by Taby et al. both
use a beam-column approach to analyze the behavior of damaged tubular members under
combined loading [Taby, Moan, and Rashed, 1981; Taby and Moan, 1985; Taby, 1986;
Yao, Taby, and Moan, 1988]. Both models are the most complex of the beam-column
analysis methods presented herein, and are capable of estimating ultimate capacity, as well
as damaged behavior for tubulars having dents anywhere along the member. Furthermore,
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they provide a prediction of the damaged member's axial load-shortening response. The
models were calibrated using a set of 107 small-scale experimental tests of dent-damaged
members. The dent geometry simulated in the DENTA models was based on a dent
formed by loading applied perpendicular to the longitudinal axis of the tubular by a knife-
edge. Both DENTA models included the assumption that the flattened portion of the
dented cross-section does not contribute to the axial load carrying capacity once the stress
reaches a critical value. This assumption is similar to that used in Ellinas' approach.
Material stress-strain behavior was assumed to be linear elastic-perfectly plastic
throughout the modeled member; thus material strain hardening as well as residual stresses
arising from plastification of the tube wall during denting or fabrication are not explicitly
considered and were accounted for by empirical calibration. Also, local buckling of the
member was not directly considered in the original DENTA models, although specimens
susceptible to local buckling with D/t ratios greater that 69 were tested and included in the
calibration of the model. DENTA II was a subsequent modification of the DENTA
program which included the effects of initial out-of-straightness COp) as well as introducing
a knock down factor <j> to account for the effects of local buckling for members with D/t
ratios greater than 69.
Unity Check Equations
It is common practice for design codes to present member strength calculations as a
unity check. A unity check is related to the member's load divided its capacity. Design
unity check values greater that a value of 1.0 imply insufficient member design resistance.
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Ultimate load unity checks are formed by substituting member capacities for factored
capacities, therefore eliminating safety factors. Ultimate load unity checks greater that 1.0
implies possible member failure. Unity checks can also be used to solve for maximum
capacity by setting the result to unity and evaluating the expression for the desire quantity.
Loh developed two unity check equations to assess the strength and stability of
dent-damaged members in order to determine their residual capacity [Loh, Kahlich, and
Broekers, 1992; Loh, 1993]. These equations h~ve been calibrated to the lower bound of
previous experimental tests and are in a format similar to that used for the design of
undamaged tubular members given in the API RP2A-LRFD Specification [1993], except
new dent related parameters are introduced. The most important of these parameters are
dent-depth (dct), member out-of-straightness (8p), and dent location along the length of the
member. The unity check equations considers cases axial loading (compression or
tension) in combination with multi-directional bending with respect to dent orientation.
For the load parameters addressed in this report, only compressive axial loading with uni-
axial bending which place the dent into compression are considered.
The first unity check equation is referred to as the "strength check" and is associated
with the strength limit state. This equation accounts for the possible failure of a short
dented section under combined axial compression and uni-axial bending." By substituting
the damaged section's ultimate axial Pud and flexural MUd capacities into a format similar to
the API design check equation, an estimation of the "strength" (Pstr) of the dented section
can be made, where:
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(1.2)
in which a is an empirically derived constant and M is the applied bending moment at the
dented section due to any applied end moments or eccentricities. Definitions of the
damaged section capacities (Pud and Mud) are summarized in the list of symbols and
discussed in detail in Loh et al. [1992 & 1993].
The second unity check equation is used to assess the instability of a dented member
under combined loading, and is referred to as the "stability check." The buckling capacity
Perdo of the dented member without any out-of-straightness (bp) is first computed by using
a damaged slenderness parameter (A.d), which is further explained in Loh et al. [1992 &
1993]. The buckling capacity Perd of the damaged member, considering out-of-
straightness (bp), is then determined by solving the following quadratic expression:
P
erd
( )p + 1 _ Perd M =1
erdo P ud
ed
(1.3)
where Ped is the Euler buckling locid of the damaged cross-section. The stability load
(Pstab), which represents the residual strength of the dented tubular for the stability limit
state, can now be solved for in a fashion similar to the strength check by using the
following equation:
a
CuM 2
Pstab ( P) 1p+ 1-~ M =
erd P ud
ed
(1.4)
where M, as in Equation 1.3, is the applied bending moment to the dented section due to
any applied end moments or eccentricities and a is an empirically derived constant.
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Further depvations and explanations of this check can be found in Loh et al. [1992 &
1993].
By using the both unity check equations to solve for the maximum axial load (Pud)
that can be resisted by the dent-damaged section and compares the results for Pstr and Pstab,
Rides et al. [1992] showed that in all cases the "stability" equation governed (e.g. Pstab
was less than Pstr). This suggests that dent instability is more likely to occur than axial
crushing of the dented segment. Further, the use of the "stability" equation to predict
residual capacity indicates that this method provides reasonable correlation with the
previous experimental data, as shown in Figure 1.9.
Rides, Gillum, and Lamport
Rides, Gillum, and Lamport [1992 & 1994] developed an analytical model for the
strength of a damaged tubular member subjected to either concentric or eccentric axial
loads and which also accounted for the dent occurring at any location along the axis of the
member. The model was based on the beam-column theory similar to and was
implemented in a computer program named UCDENT. The model is essentially the model
is a more generalized quadratic stress resultant expression than Ellinas' approach,
accounting for member out-of-straightness (Dp), dented eccentricity (ed), and eccentric
axial load effects. The ultimate capacity of the dented member PUd can be predicted by the
use of the following quadratic expression:
(1.5)
where,
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(1.5 a)
(1.5 b)
(1.5 c)
The derivation and definition of the various quantities appearing in Equation 1.5 are found
in Rides et al. [1992 & 1994] and in the list of symbols at the beginning of this report,
respectively. The capacities of the non-repaired dent-damaged specimens tested by Rides
et al. [1992 & 1994] as well as others [Smith et al., 1979, 1981, 1982, & 1983; Taby et al.
1981, 1985 , & 1988; Pacheco and Durkin, 1988] based on Equation 1.5 are shown in
Figure 1.10 to provide a lower bound solution to the experimental results.
1.2.2.2. Moment-Thrust·Curvature (M·p.<I» Based Methods
Duan, Chen, and Loh
Duan, Chen, and Loh developed empirical M-P-<I> relationships for dented tubular
sections subjected to bending moments at different orientations with respect to the local
dent [Duan, Chen, and Loh, 1993]. Duan et al. defined the moment-curvature (M-<I»
relationship for a constant axial load (P) applied to a dented segment by three expressions
as shown in Figure 1.11. These expressions describe the linear ascending branch prior to
and up to the first yield of the cross-section, elasto-plastic behavior following first yield
and up to the ultimate load, and post-ultimate behavior reflecting the descending branch
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and unloading of the cross-section. These moment-curvature relationships became the
basis of the program BCDENT that has the capability to analyze non-dented and dented
tubular members under a variety of loading conditions. The procedure implemented in this
program divides the tubular into a number of segments where the empirical M-P-<I> are
assigned to each segment based on whether the segment is either dented or undented (see
Figure 1.12). By using an incremental displacement approach in conjunction with
Newmark's method of numerical integration, the load-shortening response of the dented
tubular is determined [Newmark, 1943]. A detailed description of this procedure is
presented in Duan, Chen, and Loh [1993] and Chen and Toma [1995]. Results of this
procedure are shown in Figure 1.13 to correlate reasonably well to experimental data.
Kim and Ostapenko
Kim [1992] performed an extensive parametric study using finite element method
(FEM) of analysis to determine by regression analysis the moment-thrust-curvature (M-P-
<1» relationships for a dented segment. These relationships were then incorporated into a
program that analyzed the behavior and strength of dent-damaged members with end
restraints through the use of numerical integration.. The results compared with moderate
success to actual experimental data. Limitation to this program included no consideration
of strain hardening of the tubular steel, local buckling effects of members with high D/t
ratios, and the effects of dent-induced residual stresses within the damaged cross-section.
This study showed that a reasonably accurate prediction of a dented member's strength
and behavior could be made by this approach and that the M-P-<I> of a closed form nature
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are especially convenient to use because of their easy integration into existing numerical
procedures. It was also noted that the results generated from this procedure were highly
dependent on the M-P-cI> relationships, whether they were empirically or analytically
derived.
Rides and Fan
Fan [1994] and Rides [1995] developed a moment-thrust-curvature (M-P-cI» based
program using a numerical integration procedure to predict the axial load-shortening
response of dent-damaged tubular bracing members. This M-P-cI> based program
followed a similar procedure that was verified and shown to be successful by Duan et al.
[1993]. The program used Newmark's [1943] integration method in conjunction with the
previously derived empirical moment-curvature (M-cI» relationships and a incremental
displacement technique to estimate damaged member strength and axial response.
Additional details about this program are presented in Chapter 4 of this report, as well as
in Matthew [1993] and Fan [1994].
To verify the accuracy of his program, Fan compared his results with the
experimental tests conducted by Rides et al. [1992] and Smith [1982, & 1983], and found
the method correlated well with the test data, as shown in Figure 1.14. The program
developed by Fan [1994] is used further in Chapter 4 to assess the effectiveness of M-P-cI>
based methods at predicting damaged member ultimate capacity and axial response of the
specimens tested in the current program and reported herein.
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1.2.2.3. Finite Element Method (FEM)
Pacheco and Durkin
Pacheco and Durkin developed a large-displacement finite element shell model
[Pacheco and Durkin, 1988] of a tubular member using the general purpose FEM program
MARC [MARC, 1986]. The indention process was simulated analytically to produce the
required.gent-damage and to allow a study of dent-induced residual stresses in order to
assess the possibility of omitting the indenting process in the analysis through the direct
geometric modeling of the dent-damaged section. The finite element results were
compared with 5 experimentally tested specimens, where good agreement was obtained.
MacIntyre
MacIntyre presented an analytical study on the pre- and post-ultimate behavior of
damaged tubular members under axial load, bending moment, or a combination of both
[MacIntyre, 1991]. This study was carried out by means of a finite element model that
was developed using the commercially available finite element program ABAQUS
[ABAQUS, 1993]. The model accounted for geometric and material non-linearities,
including strain-hardening, of the tubular member. The results from the study indicated
that the FEM was a useful tool for studying the behavior and predicting the residual
strength of dent-damaged tubular members. This conclusion was substantiated by the
good correlation that was achieved with experimental results of Taby et al.
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Rides, Gillum, and Lamport
As part of this experimental study, preliminary analyses for the residual strength of
damaged, non-repaired tubular braces were briefly described by Ricles et al. [1992]. A
finite element shell model was developed using ABAQUS [1993] and included a four
stage analysis procedure that allowed analytical denting of the model prior to application
of axial load, in a fashi9n similar to Pacheco and Durkin [1988]. Results of this study
indicated a need for mesh refinement in the dent-damaged region to obtain better
correlation with experimental data..
Adoption of the finite element shell model developed by Ricles et al. [1992] is used
in the FEM analysis of the damaged members presented in this report. A more detailed
description of the actual FEM model and the analysis procedure is discussed in Chapter 4.
1.3. Assessment of Internal Grout Repaired Strength of Damaged Members
Far fewer investigations have been carried out to experimentally determine the
effectiveness of grouting to restore the original capacity of damaged tubular members and
to document the pre- and post-ultimate behavior of grouted repaired members. The
majority of the experimentation that has taken place has focused primarily on investigating
the use of grout strengthening as a means of improving the non-damaged performance of
tubular members by injecting grout into the interior of the tubular. This research focused
on increasing the axial capacity, lateral stiffness, and ductile response of new or existing
tubular members. A much smaller amount of work has been done to study the
effectiveness of grout repairs at restoring the axial strength of dent-damaged members.
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This section is intended to briefly describe the research involving grouted repair
techniques of dent-damaged tubular members and to call attention to the limited range in
the current experimental database. In addition, the tested specimens reported in these
previous studies have been placed into an experimental database to· allow the assessment
and comparison of various analytical techniques currently available for predicting residual
capacity of internal grout repaired tubulars. This assessment and comparison is presented
in Chapter 4 of this report. Experimental results that were included in this database
exclusively include steel tubular specimens loaded axially, with simple-supported end
boundary conditions, possessing dent-damage at midspan, and completely filled over the
member's entire length with cement-based grout. Figure 1.15 shows the geometric range
of specimens that fulfill these requirements, where it should be noted that the majority of
repair testing has been done for members with damage of 0.15D or less in depth. A
comparison of experimental ultimate capacities of these previously tested dent-damaged
specimens normalized by their respective squash loads (Py) is shown in Figure 1.16, which
indicates that the internal grout repair technique, in some cases, can restore or exceed
original design capacity (Po) of a damaged tubular member.
1.3.1. Previous Experimental Research
Parsanejad et aI.
Parsanejad was the first to investigate the effect of full internal grouting on the
strength and behavior of dent-damaged tubular members [Parsanejad, 1987]. Ten
internally grouted small-scale specimens with various degrees of damage were compressed
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to failure under concentric axial load. The D/t ratios of the specimens ranged between 30
and 50 with dent-depths ranging from 7% to 16% of the diameters of the specimens.
Results of this investigation indicated thm axial compressive capacity was improved with
the application of the internal grout technique. Parsanejad also developed a simple
analytical based expression for predicting the ultimate strength of these repaired members.
Details of this method are discussed in the next section of this report.
Parsanejad and Gusheh continued the research into assessing the effectiveness of
internal grout repair by testing 14 grouted specimens that were partially or fully grouted to
investigate the influence of finite grout lengths and to enlarge their experimental database
[Parsanejad and Gusheh, 1992]. The D/t ratios of these specimens was approximately 50
with local depth of dent-damage varying from 7% to 15% of the specimen's diameter. To
investigate the influence of partial grouting on repair effectiveness, tubulars with
comparable levels of damage were repaired with different lengths of grout within the
dented region. In a majority of these tests, the bond between the grout and steel tubular
was noted to have failed prior to ultimate load. Despite these observations, no definitive
conclusions were made concerning the effect of bond failure nor the importance of grout
length on the repair effectiveness.
Tebbet and Forsyth
Tebbet and Forsyth [1987] presented test data on the capacity on non-damaged
grout filled members. Their study concluded that grouting of a tubular significantly
increased its ultimate strength under combined loading. In addition, design curves to
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estimate the increase in the repaired capacity of fully and partially grout~d members were
presented.
Boswell and D'Mello
A total of 37 tests were conducted by Boswell and D'Mello [1988] as part of a
United Kingdom project addressing the current technology of grout use for offshore
platform construction and repair. This test program consisted of mostly small-scale
specimens which were concentrically axial loaded, with D/t ratios ranging between 23 to
36 and dent-depths from 0% (e.g. no dent) to approximately 15% of the specimen's
diameter. Results of this program indicated that axial strength of the repaired specimens
was increased to levels approaching or exceeding the original strengths expected for
corresponding non-damaged members. It should be noted, however, that some of these
tests are considered to be suspect because of their scale and since the grout compressive
strengths (f g) reported did not vary over the entire range of experiments reported.
Additionally, the reported elastic modulus of the grout (Eg) used to repair these specimens
does not correlate well with the measured modulus presented herein, as well as with those
of other studies which established a relationship between the elastic modulus and the
compressive strength of the grout. As will be seen in Chapter 4, comparisons of the test
results of Boswell et al. with several widely available analytical methods give results that
are widely scattered.
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Rides, Gillum, and Lamport
Ricles, Gillum, and Lamport [1992] tested three large-scale bracing members with
nominal D/t ratios of 34.5, 46, and 64. This study was part of the first phase of the
continuing experimental program presented in this report. One specimen at each D/t was
dent-damaged at midspan to a depth of 0.10D.' repaired by internal grouting, and tested
with an eccentrically applied axial load. An additional dent-damaged specimen with a D/t
ratio of 64 was fitted with a grouted external steel clamp, and was also tested in a similar
fashion. Both repair methods were successful in restoring the original strength of the
members. Repair success was attributed to the ability of the grout to arrest the dent
growth of the damaged cross-section under compressive loading.
1.3.2. Previous Analytical Research
In addition to the experimentaL research, several analytical formulations for
predicting the ultimate capacity of a damaged tubular which has been repaired by internal
grouting have been proposed in previous studies. Salman [1994] presented an extensive
overview of the analytical research in this area, which is further summarized in this
section.
1.3.2.1. Simplified Strength Equations
Parsanejad et a!.
Parsanejad initially derived a simple analytical expression to predict the ultimate
strength of a dent-damaged specimen, repaired by internally grouting and subjected to
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concentric or eccentric axial compression. This model is written in terms of stress,
considers transformed section properties, and assumes that failure occurs when the total
stress O'ud (axial combined with bending) in the dent saddle reaches the yield stress O'y of
the steel tubular [Parsanejad, 1987]. The model was latter modified to accommodate
partial grouting of the specimens by reducing the bending stiffness of the member to a
weighted value based on the length of the grouted portion [Parsanejad and Gusheh, 1992]..
This produced the following quadratic expression:
1 2 [1 ~el O'ylO' 0'crO'ud - + -S + cr ud + y=0
ed d ed
(1.6)
where O'ed is the Euler buckling stress calculated with a weighted radius of gyration in
order to reflect the influence of any partial grouting. Terms appearing in Equation 1.6 are
defined in the list of symbols at the beginning of this report. Mathematical derivations of
the terms in Equation 1.6 are found in Parsanejad and Gusheh [1992]. Figure 1.17 shows
a correlation with previously tested specimens, and indicates that Equation 1.6 is a
conservative predictor of capacity.
Modified AISC-LRFD Approach
Loh proposed a method of predicting the strength of a damaged tubular repaired by
internal grouting based on the AISC-LRFD [1993] interaction equations for assessing the
strength of grout filled members without dent-damage [Loh, 1993]. This method assumes
that the repaired tubular is prismatic and possess the cross-section properties of the dented
region along its entire length, thus allowing use of the standard AISC-LRFD interaction
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equations. Damaged properties of the grouted member are determined in the same fashion
as previous methods using transformed section properties. The result of this approach
consists of the following unity check formulation that has equated to unity, which allows
the ultimate axial capacity of the member (P) to be solved for:
P M
P + (1 - E.) M= 1
cr Pc u
(1.7)
where, Per is the reduced ultimate axial compression capacity of the damaged accounting
for changes in member slenderness due to denting, and is defined by the following
expression:
Per =F(A) Pu (1.8)
F(A) is a factor that is associated with a modified buckling curve accounting for the
damaged member response and is based on modifications to the SSRC Column Curves
[Galambos, 1988] used in the AISC-LRFD [1993] and API RP-2A-LRFD [1993] design
provisions. This method is compared with the test results of previous experiments in
Figure 1.18, where it is shown to be a lower bound solution, except for a number of the
tests conducted by Boswell et al. A detailed derivation, including a thorough discussion of
the buckling curve modifications, is presented in Loh [1993].
1.3.2.2. Moment-Thrust-Curvature (M-P-<I» Based Methods
Fan and Rides
Fan [1994] and Ricles [1995] proposed a moment-thrust-curvature (M-P-<I»
method with numerical integration similar to that used to predict the behavior of non-
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repaired damaged bracing, except that the M-P-cI> relationships of the grouted tube
segment are computed by separate analysis of its cross-section [Fan, 1994]. This
computation involves generating data points corresponding to the moment-curvature (M-cI»
response of the dented and undented sections of the grouted member for a specified axial force
(P). The cross-section of the grouted tube is first discritized into fibers, each fiber representing
either steel or grout, based on the fiber's location. Assumptions in the analysis include plane
sections remaining plane and full bond (i.e. compatibility) between the steel and grout. Other
aspects of the M-P-<p approach are similar to those discussed in the previous section of this
report for a non-repaired member. Good agreement was reported in comparison with the
experimental tests of Ricles et al. [1992], especially in the loading and the initial unloading
branch of the specimen's response. Additional details associated with this analysis procedure
are to be presented in Chapter 4 of this report.
1.4. Objectives
There is currently a lack of information available on the strength and behavior of
dent-damaged, non-repaired tubular steel bracing with dent-depths in excess of O.20D, as
shown in Figure 1.6. Most analytical techniques have been calibrated to small-scale
specimens possessing lesser damage, and produce results that are not necessarily prudent
outside this data range. Data on the performance of grout repaired bracing members with
dent-damage has been confined to dent-depths less than 0.15D in depth, as shown in
Figure 1.14. Design of grout repairs beyond the previously investigated ranges involves
extensive extrapolation from the current database. Additional experimental and analytical
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work is required to establish the amount of increased load carrying capacity produced by
the grouted repair techniques at larger dent-depths. Therefore a research study was
conducted to enhance the knowledge base of the behavior and residual strength of
damaged bracing members and to assess the increased strength, if any, derived from the
grouted repair techniques. The objectives of this research program were:
(I) Experimentally investigate the residual strength of large-scale damaged tubular
steel bracing with significant dent-damage at the depths of O.IOD, O.15D, O.20D,
and O.30D under concentric axial loading.
(2) Assess the accuracy of current strength equations and analytical techniques,
including simple beam-column equations, moment-thrust-curvature (M-P-<l»
integration analysis, and non-linear finite element method (FEM) of analysis for
predicting the residual strength. of damaged tubular steel bracing members with
significant dent-damage beyond the present experimental database.
(3) Experimentally investigate the use of internal grout repair techniques to repair and
improve the residual strength of dented tubular steel bracing with dent-damage of
O.15D and O.30D in depth under concentric axial loading.
(4) Determine the sensitivity of the internal grout repair performance to field
conditions such as poor surface conditions of the tubular bracing that may prevent
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successful transfer of bond forces and poor quality grout with relatively low
compressive strength.
(J
(5) Assess present strength equations and analytical methods, including simple beam-
column equations, moment-thrust-curvature (M-P-<I» integration analysis, and
non-linear finite element method (FEM) of analysis for predicting the repaired
residual strength of damaged tubular steel bracing members with significant dent-
damage beyond the present experimental database.
1.5 Scope of Study
Presented herein is a comprehensive report documenting a study of the residual and
repaired axial capacities of significantly dent-damaged tubular bracing members of
offshore platforms. Following the introduction given in Chapter I, Chapter 2 of this
report describes the experimental program which involves the testing to failure of 14
large-scale tubular bracing specimens. The experimental behavior of these test specimens
is described in Chapter 3. Evaluation of experimental behavior, analysis of experimental
results, and the assessment of state-of-the-art method of analysis for predicting specimen
response are presented in Chapter 4. Conclusions to this report and recommendations for
future work on the subject of dented tubular bracing are noted in Chapter 5.
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Figure 1.1 - Typical Offshore Platform Jacket Composed of Tubular Members
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Figure 1.2 - Typical California Shallow Water Offshore Platfonn
Figure 1.3 - Close-up View of Platfonn Jacket in Splash Zone (Note Dent-Damaged
Bracing to the Left)
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Figure 1.4 - View of Inclined Bracing Member Framing into Chord Member
Figure 1.5 - Bolted Steel Clamp Used to Strengthen Tubular K-Joint
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CHAPTER 2
EXPERIMENTAL PROGRAM
The experimental program involved the testing of 14 large-scale tubular bracing
members having a nominal D/t ratio ranging from 34.5 to 69. Both non-repaired as well
as corresponding internal grout repaired specimens were tested. Each specimen was
axially loaded in compression to failure in order to study the influence of dent-damage on
member performance. Each of the repaired specimens were internally grouted following
their denting to a specified dent-depth, then tested under axial load to obtain their load-
deformation response and to assess the effectiveness of the repair. The dent-depths of the
specimens ranged from a nominal value of O.lOD to O.30D. This chapter describes the
test matrix, experimental test set-up, repair methodologies, test procedures, and reports
the geometric and material properties for specimens.
2.1. Test Matrix
The matrix of the test specimens is summarized in Table 2.1, with the specimen
diameter-to-thickness (D/t) ratio and normalized dent-depth (diD) plotted in Figure 2.1.
Seven of the specimens were dent-damaged then axially loaded to assess their behavior
and to evaluate the reduction in ultimate capacity. The seven remaining specimens were
damaged and subsequently repaired by internal grouting. These repaired specimens were
tested to assess their general behavior, and to evaluate the effectiveness of the internal
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grout repair on restoring the original capacity of the member. This evaluation was
achieved by comparing the performance of corresponding non-repaired and repaired
specimens, which had a similar dent-depth (dd) and global out-of-straightness (8p)
following the application of dent-damage.
To facilitate the discussion, the specimens have been classified by dent-depth and
whether repaired, resulting in six test series. Each of these test series are summarized
below:
Series 1 - Testing of one dent-damaged, non-repaired specimen (Specimen Cl-a)
with a dent-depth of 0.10D under concentric axial load to assess its non-repaired
residual strength. The specimen had a nominal D/t ratio of 64. This test was
performed in order to validate a similar test conducted in a previous experimental
program [Ricles, Gillum, and Lamport, 1992].
Series 2 - Testing of three dent-damaged, non-repaired specimens (Specimens A6,
B6, and C6) with a nominal dent-depth of 0.15D under concentric axial load to
assess their non-repaired residual strength. The nominal D/t ratio for the
specimens was 34.5, 46, and 69.
Series 3 - Testing of one dent-damaged, non-repaired specimen (Specimen B17)
with a nominal dent-depth of O.20D and D/t ratio of 46 under concentric axial load
to assess its non-repaired residual strength.
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Series 4 - Testing of two dent-damaged, non-repaired specimens (Specimens A8
and C8) with a nominal dent-depth of 0.30D under concentric axial load to assess
their non-repaired residual strength. The nominal D/t ratios were equal to 34.5
and 69, respectively.
Series 5 - Testing of five internally grout repaired specimens (Specimens A7, B7,
B7-a, B7-b, and C7) with a nominal dent-depth of 0.15D under concentric axial
load to assess their repaired residual strength. Series 5 included specimens with a
nominal D/t ratio equal to 34.5, 46, and 69. One of the specimens (Specimen B7-
a) with a nominal D/t ratio of 46 had its interior surface lubricated to achieve a
reduction in bond between the inside surface of the steel tubular and the internal
grout repair, in order to assess the effect of bond strength on the repair.· Another
specimen (Specimen B7-b), also with a nominal D/t ratio of 46, had a reduced
grout strength of approximately 50% of that of the other specimens. This
specimen was tested to assess the sensitivity and effectiveness of the internal grout
repair to the compressive strength of the grout. The remaining three specimens
(Specimens A7, B7, and C7) possessed normal bond conditions and a nominal
grout strength of approximately 6000 psi.
Series 6 - Testing of two internally grout repaired specimens (Specimens A9 and
C9) with a nominal dent-depth of 0.30D under concentric axial load to assess their
repaired residual strength. The nominal D/t ratio of the specimens were 34.5 and
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69, respectively. Both specimens had normal bond conditions and a nominal grout
compressive strength of 6000 psi.
2.2. Test Specimens
~
The 14 test specimens were fabricated from hot-rolled electric resistance welded
(ERW) carbon steel structural tubing of ASTM A53 Grade B Type E material. A pair of
specimens having the same D/t ratio were cut from the same 40 foot long tubular as
shown in Figure 2.2, with the remaining two segments of the tubular being used for tensile
coupon and stub column material tests. Dent-damage was imposed at the midspan of a
specimen, directly opposite of the longitudinal weld seam. The cross-sectional
dimensions, global imperfections, and material properties of all test specimens conformed
to all API minimum standards for structural steel tubulars before being damaged [API RP-
2A-LRFD,1993].
2.2.1. Specimen Geometry
The specimens were designed to model dent-damaged diagonal bracing members of
fixed offshore platforms. The size of each test specimen was chosen to closely represent a
large-scale model of a typical prototype bracing member found in fixed platforms existing
in U.S. waters. Values for the slenderness ratio (KL/r) and the column slenderness
parameter (A.) were selected from typical design parameters and set at 60 and 0.75,
respectively. A typical distribution of member slenderness within offshore platform
jackets are shown in Figures 2.3(a) and 2.3(b) [Loh, 1992]. The outer diameter (D) to
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wall thickness (t) ratios (D/t) of 34.5, 46, and 69 were selected for the specimens are
typical and representative of most fixed offshore platforms. A nominal outside diameter of
8.625 inches was selected for all specimens in order to accommodate the test frame and
facilitate testing. With this diameter, each specimen of this study represented a two-thirds
to full-scale model of typical diagonal bracing, depending on the platform geographic
location and water depth. The length (L) of the specimens for each D/t group was based
on the slenderness ratio (kL/r), and was, approximately 15 feet for all specimens. A
summary of measured specimen dimensions, initial out-of-straightness (00 ), and geometric
test parameters, induding specimen length (L), are presented in Tables 2.2 and 2.3,
respectively.
2.2.1.1. Initial Geometry
Accurate measurements of specimen diameter (D) and thickness (t) were taken, the
former by means of caliper measurements at 90 degree spacing around the circumference
of the cross-section, at five locations along the length of the tube. The mean thickness
was determined from the average of four micrometer readings at each end of the tube.
Mean values and statistical parameters for all measurements are reported in Table 2.2. All
cross-sectional measurements were found to be well within standard tolerances [API RP-
2A-LRFD, 1993].
Initial out-of-straightness (00 ) was measured using a surveying level with a tripod in
conjunction with a leveling rod of 11100 inch gradients. Each test specimen was placed in
its horizontal test position and supported only at its ends, as it would be during a test.
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Measurements were recorded at fifteen locations along the length of the tube. At each of
these locations, measurements were taken at four positions of the cross-section of the
specimen, spaced at 90 degree intervals around the circumference of the tube, and
originating at the weld. Corrections to the recorded data were made to account for any
slope in the laboratory floor. A typical plot of member out-of-straightness (Do) prior to
damage is shown in Figure 2.4. Plotted measurements for all specimens appear in
Appendix A. Maximum values for out-of-straightness (Do) for each specimen are reported
in Table 2.2 where they have been normalized by their length (L). The measured member
initial out-of straightness (Do) of all of the members fall well below the API tolerance of Do .
< Ll960 [API RP-2A-LRFD, 1993].
2.2.1.2. Infliction of Dent-Damage
The targeted dent depth (dd) was imposed at midspan of the tube and directly
opposite of the longitudinal weld. Global bending was minimized by uniformly supporting
the tube throughout the middle section, with a bed of Hydrostone (Hydrostone Gypsum
Cement, United States Gypsum, Chicago, IL) over a length of 48 inches during the
denting sequence.
The method of denting is shown schematically in Figure 2.5 and photographed in
Figure 2.6, and involved the use of a 600 kip Satec (Satec Systems Inc., Garden City, PA)
displacement controlled universal testing machine. The dent was applied along the top
longitudinal surface of the tube such that the fold of the dent saddle was perpendicular to
the tube axis. The dent was formed by loading the tubular under displacement control
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with a knife-edge device having a tip radius of approximately one-quarter of an inch.
Figures 2.7 shows this knife edge device. The sharp edge simulated the geometry of a
sharp, rigid structure which might impact the prototype brace in the field. The denting'
load was increased until the dent-depth (dd) reached the target amount. The dent-depth
was measured by using a caliper, which measured the distance from the middle of the dent
saddle to the underside of the tubular. This dimension was then subtracted from the
original measured diameter (D) resulting in the actual dent-depth. A degree of elastic
rebound was experienced when denting the tubes, thus several trials were necessary to
carefully obtain the correct dent-depth, without exceeding it. The depths of denting and
corresponding loads were both recorded. Typical load-indentor displacement curves for
specimens with D/t =34.5 and 69 with the dent-depth of dd =0.30D are presented in
Figures 2.8(a) and (b), respectively.
2.2.1.3. Damaged Geometry
After the introduction of dent-damage, the dent geometry and damaged out-of-
straightness (Dp), or global bending, were measured for each specimen, and are
summarized in Table 2.4. In addition to dent~depth (dd), dent-width (Wd) was also
measured using a caliper in conjunction with a scale with gradients of 0.0 I inch. Figure
2.9 illustrates these recorded geometric dimensions used to describe the dent-damage of
each specimen. Damaged out-of-straightness and dent-profiles were both measured in the
same manner described for the initial out-of-straightness. A typical plot of member out-
of-straightness (Dp) after the infliction of dent-damage is shown in Figure 2.10. Dent
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profiles for all specimens were measured at 1 inch increments along the top surface of the
tube for 24 inches on either side of the damage. Typical dent profiles for each dent-depth
studied herein are shown in Figure 2.11. The measured dent profiles for all the specimens
appear in Appendix B. Dent profiles of specimens with different D/t ratios for a given
dent-depth were not observed to vary any appreciable amount. Figure 2.12 shows a
photograph of the dent-profile of a specimen with dent-damage of O.15D in depth.
As a point of 'interest, Figure 2.13 shows a plot of the normalized member out-of-
straightness (8p1L) as a function of dent-depth (ddlD). This figure clearly shows, that
despite efforts to control global bending, an approximate parabolic increase in out-of-
straightness occurs as the depth of applied dent-damage increases. This ,can be attributed
to the amount of residual stress introduced into the cross-section of the tubular during
denting. These longitudinal residual stresses tend to pull up the ends of the specimen, in
an attempt to maintain equilibrium in the cross-section, which tends to contribute to the
overall global bending of the specimen. The amount of residual stress stored in a cross-
section is proportional to the amount of distortion, and subsequently to the magnitude of
the denting force applied. Specimens with large dent-depths required large denting forces
which introduced greater residual stresses than specimens with smaller depth dents. Also,
for a given dent-depth, specimens with smaller D/t ratios required larger forces to achieve
the specified dent-depth during denting when compared to specimens with a higher D/t
ratio (see Figures 2.8(a) and (b)). Therefore, members with large D/t ratios tend to have
less out-of-straightness at a specified dent-depth, as evident in Figure 2.13.
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2.2.2. Material Properties
As noted previously, all test specimens were fabricated from hot rolled electric
resistance welded (ERW) carbon steel structural tube of ASTM A53 Grade B Type E
material. The ASTM A53 specification mandates a minimum yield stress (cry) of 34 ksi,
however, it does not specify a maximum yield strength. Over the past few years, the
introduction of recycled steels containing diverse alloys to the production process has
become more popular by the mills that manufacture the majority of steel tube and pipe
produced today. In addition, pressure to optimize the quantity of material being produced
at these facilities has increased the rate at which the steel tubulars are fabricated, and
subsequently has increased the rates at which these members are cooled. As a result, the
yield strength of newly fabricated ASTM A53 tubes has on average increased to stresses
that typically range from 55 to 70 ksi. Tensile coupons taken from the tubulars of this test
program confirmed that the groups of specimens with D/t ratios of 34.5 and 46 each had a
yield strength of 60 ksi with an ultimate tensile strength of 70 ksi, virtually no yield
plateau, and 23 percent elongation (see Figure 2.14). This material was not representative
of the steel commonly used in the construction of the existing offshore platforms. A
majority of U.S. platforms are at an age of at least fifteen years old [Leblanc, 1994].
Many of these older platforms, the focus of this program, were constructed of a mild
grade steel, such as ASTM A7 or ASTM A36, although some were constructed of
relatively higher strength grades like ASTM A44I. These milder grade steels, however,
typically had a yield stress in the range of 33 to 42 ksi, a well defined yield plateau that
reaches a strain of approximately 10 to 20 times the yield strain, and 25 to 35 percent total
52
elongation. Tubulars with D/t = 34.5 and 46 possessing these mild steel characteristics
were not readily available from any supplier, therefore, it was necessary to have the
tubulars annealed to create material properties more representative of the prototype
structures. On the contrary, as shown in Figure 2.14, the material for the tubulars with a
D/t ratio of 69 possessed a representative stress-strain relationship in terms of yield
strength, tensile strength, and elongation, and therefore was not annealed.
Several sample tensile coupons were annealed and were tested to confirm the
annealing procedure to be used for the specimens with D/t = 34.5 and 46 (see Section
2.2.2.1. for tensile coupon test procedures). After confirming the process, the specimens
were then annealed in a vertical hanging position to minimize distortions of the cross-
section. The annealing process consisted of heating the tubes to 16500 F for thirty minutes
and then furnace cooling (turning off the furnace and allowing the specimens to cool very
slowly over a twenty-four hour period) to below 7500 F. After annealing, additional
tensile coupons were tested and the steel yield and tensile strengths were observed to have
been lowered to 40 ksi and 60 ksi, respectively. The steel also developed a yield plateau
that had a length that reached a strain ten times the yield strain, with a 34 percent total
elongation. The annealed tubes with D/t =34.5 and 46 therefore had material properties
more representative of the in-situ material found in the older offshore platforms studied in
this program.
In addition to tensile coupon tests, other material test were initiated to measure the
mechanical properties of the test specimens. Stub-column tests were performed to
determined the effect of local buckling and residual stresses on the strength of the
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fabricated tubes. Compression tests were conducted on all grout mixtures in order to
determine their respective compressive strengths (f g). The average bond stress between
the internal grout and steel tubular was estimated by a series of bond tests. Procedures
and results from these material tests are described below, with results reported in Table
2.5.
2.2.2.1. Tensile Coupon Tests
Tensile properties of the steel tubular specimens were determined by conducting
standard tensile coupon tests. Tensile coupons were machined according to ASTM
Specification E8-91 with a width of 1.5 inches and a gage length of 8 inches. Three
coupons were taken from the end regions of each specimen. As shown in Figure 2.2, the
coupons were cut in the longitudinal direction of the tube at an angle of 90 degrees from
each other, originating at the weld but not including the weld.
The coupons were tested according to SSRC Technical Memorandum B.7
. [Galambos, 1988] in a 120 kip Tinius-Olsen (Tinius-Olsen Machine Co., Willow Grove,
PA) displacement controlled universal testing machine. An eight inch mechanical
extensometer incorporating two linear transducers, one on each side of the coupon, was
used to measure the average strain over the coupon gage length and to eliminate effects of
longitudinal curvature in the coupon measurements (see Figure 2.16). The coupons were
tested at a strain rate of 0.0025 inches per minute for dynamic measurements. A static
reading was taken in the yield plateau of the stress-strain curve by holding the axial
displacement and allowing the load resisted by the specimen to stabilize over a duration of
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approximately five minutes. Several static readings were taken in the yield plateau to
establish the static yield stress. Final area and elongation measurements were taken after
testing. Typical stress-strain plots for each D/t ratio are shown in Figures 2.17(a), (b), and
(c).
The yield stresses for the D/t ratios of 34.5 and 46 which are reported in Table 2.5
are the average of three coupons tested after annealing. The reported yield stresses for the
specimens withD/t =69 are the average of only two coupons located 90 degrees on either
side of longitudinal weld. Data from the third coupon cut opposite of the weld was not
included since these coupons appeared to be biased by the fabrication of the tubular from
which they were removed. These coupons tended to have no yield plateau and a yield
stress 8 percent higher that the side coupons. The ultimate tensile strength for these
coupons, however, was not affected, and reported ultimate stresses in Table 2.5 are the
average of all three coupons for all D/t ratios. The elastic modulus (Es) reported in Table
2.5 was determined from the elastic slope of the stress-strain curves and presented as an
average of all the coupons tested for each group of specimens with the same D/t ratio.
Total elongation within the range of approximately 30 to 35 percent was observed for all
the coupons. A 30 percent elongation is typical for ASTM A53 Grade B Type E material.
2.2.2.2. Stub-Column Tests
One stub-column for each tubular from which a pair of specimens were cut were
tested to determine the effect of local buckling and longitudinal residual stresses on the
strength of the fabricated tubulars. The stub-column tests were performed in accordance
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with SSRC Technical Memorandum B.3 [Galambos, 1988]. The stub-columns were saw
cut from the ends of the tubular from which two specimens were obtained, where the stub-
columns with D/t=34.5 and 46 were cut after the annealing procedure. This resulted in
two stub-columns tests for each D/t ratio. Since the test specimens with a D/t ratio equal
to 69 were not annealed, the corresponding stub columns were also not annealed. Each
stub column was thirty inches in length, or approximately 3D, and had a ten inch gage
length. Each stub-column specimen was placed directly on the pedestal of the 600 kip
Satec universal testing machine. Cardboard bearing material was used at both ends to
eliminate any stress concentrations due to imperfections at the saw cut ends. A machine
plate was then placed on the top of each stub-column. A wet Hydrostone grout mixture
was placed on top of the plate and the machine head was lowered until the Hydrostone
grout squeezed out from all sides of the plate, leaving approximately 1/16 to 1/8 inches
between the machine and the plate. Using Hydrostone in this manner enabled a proper
alignment of a stub-column to be achieved, resulting in a uniform longitudinal stress
distribution.
Instrumentation of the stub-columns consisted of four 1.5 inch linear transducers
placed over the gage length, at 90 degree spacing around the circumference of the stub-
column to record axial shortening during the compressive testing. Head travel and applied
load were also recorded. The stub-column test set-up is shown in Figures 2.17 and 2.18.
The procedures in SSRC Technical Memorandum B.3 [Galambos, 1988] were
followed for the testing of the stub-columns. A loading rate of 0.01 inches per minute was
used for the dynamic measurements. Several static readings were taken by stopping the
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;loading and holding head displacement until the load maintained by the specimen had
stabilized, requiring a pause of approximately five minutes.
Typical stress-strain curves for all D/t ratios are shown in Figures 2.19(a), (b), and
(c). The stub-column test results for the annealed tubulars with D/t of 34.5 and 46
confirmed that the annealing process had eliminated all residual stresses from fabrication,
for the elastic slope of these stub-columns abruptly ends when the overall yield capacity is
reached. In contrast, the elastic slope of the specimens with a Dit of 69 began to show
softening around 86 percent of the overall compressive yield capacity. This meant that the
level of compressive residual stress was about 14 percent or less of the overall yield stress
of the material. After yielding developed across the entire section, a yield plateau became
present in all stub-columns and was used to measure the overall compressive yield stress.
At this point, both of the stub-columns with D/t = 69 locally buckled at their ends and the
axial load deteriorated. The less slender stub-columns with D/t ratios of 34.5 and 46
exhibited a stress-strain curve that reached approximately 12 times the yield strain. At this
strain, the stub-columns with a D/t =46 buckled locally at midspan and began to shed
their load. Stub-column specimens with a D/t ratio of 34.5 began to strain harden before
developing multiple local buckles at midspan. The compressive yield stresses obtained
from all the stub-columns are summarized in Table 2.5 and corresponded well to those
obtained by the tensile coupon tests.
2.2.2.3. Grout Compressive Strength Tests
Grout mixes of API Class A portland cement combined with densified microsilica
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and high water/cement (w/c) ratios were used to achieve a targeted 28 day compressive
strength of 6000 psi. The densified microsilica flour provided good pumpability and
replaced cement to increase the w/c ratio, while increasing hydration of the remaining
cement. The internally grouted specimens each required approximately 5.5 cubic feet of
grout. Typical grout mix consisted of a 65 to 70 percent w/c ratio by weight. Microsilica
flour per weight of cement was set at 20 percent.
A sample of grout was taken from the grout batch after each specimen was pumped
full and used to mold two inch cube specimens in accordance with ASTM C109-92 for
subsequent determination of the grout compressive strength (fg). All cubes were cured in
a water-lime bath at ambient temperature until immediately before testing in a 60 kip
Tinius-Olsen displacement controlled universal testing machine. Compressive strengths
given in Table 2.5 are based on average of at least three cubes on the day of testing the
corresponding repaired specimen. The grout compressive strengths for the internally
grouted specimens were monitored over the 28 day curing period and are shown in Figure
2.20 for three typical specimens.
The grout elastic modulus (Eg) was initially measured directly from the stress-strain
curves of the grout cube compressive test shown in Figure 2.21. This method tended to
vary greatly form cube to cube and was determined to be very unreliable. In addition, this
method did not allow easy correlation with modulus values measured from o cylinder tests
used in most capacity prediction equations. A more efficient method to estimate the grout
elastic modulus (Eg) was proposed by Lamport [1988] which is based on a modified
version of ACI Equation 8.5.1 [1992] and relates the concrete cylinder compression
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strength (f c) and density (wc) to the elastic modulus of concrete (Ec). Lamport verified
that a reasonable approximation of the grout elastic modulus (Eg) could be obtained by
using the grout density (wg) in place of the concrete density (wc) and by substituting grout
cube compressive strength (f g) with an 80 percent reduction factor for concrete cylinder
strength (f c) into the ACI equation. The resulting modified version of ACI Equation
8.5.1 is therefore:
(2.1)
Shown in Figure 2.22 is data of the elastic modulus from the grout cylinder tests by
Lamport [1988] plotted against corresponding grout cube compression strengths. Good
correlation is seen in Figure 2.22 between test data and Equation 2.1, where a value of
133 pounds per cubic foot was used for the grout density (wg) in the modified ACI
equation. To provide an independent verification of Equation 2.1, two - 4 by 8 inch
cylinders were cast with g'rout in accordance with the procedures outlined in ASTM
Specification C192-90a. Both cylinders were tested in accordance with ASTM
Specification C39-86 after 28 days of curing to determine their compressive cylinder
strength and directly measure the grout elastic modulus. The results of both of these tests
are presented in Table 2.6 and the measured stress-strain curves are shown in Figure 2.23.
The results from these tests are included in Figure 2.22, noted as Bruin 2 inch cube,
where good agreement with Equation 2.1 as well as the general trend in the complete
database is shown. Satisfied with the agreement, the elastic modulus of grout for all
internal grout repaired specimens were calculated using Equation 2.1 and reported in
Table 2.5.
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2.2.2.4. Bond Tests
The average bond stress between the internal grout and steel tubular was estimated
by testing a series of bond specimens for standard and simulated poor bond conditions.
Each bond test specimen was a fifteen inch long segment of tube with D/t =46, with its
longitudinal axis oriented vertically and subjected to compression. The interior surface of
the specimens were cleaned of mill scale and any corrosion by light sanding. All
specimens were then filled with thirteen inches of grout, where at the top surface the grout
was cast flush with the steel tube, while at the bottom a two inch space was left between
the grout and the end of the steel tube (see Figures 2.24(a) and (b)). As in the preparation
of the lubricated test specimen (Specimen B7-a) which emulated poor bond conditions, a
light 90 weight hydraulic oil was uniformly spread on the entire interior surface of the steel
tube of the bond test specimen prior to casting. Each bond test specimen was placed onto
the pedestal of the 600 kip Satec universal testing machine with the bare steel end
downward and prepared for testing in the same fashion as the stub-columns (see Section
2.2.2.2.). Axial compressive load was applied directly to the internal grout at the tip of
the bond test through the placement of a circular steel plate on a bed of Hydrostone which
rest exclusively on the interior grout. An additional plate was placed on the circular plate
and the Satec head was lowered before the Hydrostone completely solidified to seat all
components and to ensure even distribution of load in the grout. This configuration
allowed the applied load to transfer from the grout to the steel tube exclusively by the
shear action developed in the bond between the inside face of the steel tube and the
internal grout. Instrumentation was set-up such that the applied axial load, Satec head
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travel, and relative axial displacements between the steel and internal grout were recorded.
The relative axial displacement was measured by averaging the readings over a gage
length of 10 inches of four displacement transducers spaced at 90 degrees intervals around
the circumference of the bond test specimen (see Figure 2.24).
The average bond stress-axial displacement relationship of a standard and lubricated
bond specimen is shown in Figure 2.25, where the average bond stress is equal to the
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applied load divided by the surface area of the irout in contact with the steel tube. This
figure shows that the relationship between the average shear stress and axial displacement
is linear up to the critical stress at which the bond between the grout and steel fails. For
the standard bond specimen, the critical stress was 132 psi, while the reduced bond
specimen achieved a maximum capacity of only 31 psi, representing a reduction of 76
percent in the maximum average bond stress. After initial failure, each test resisted
approximately 60 percent of its peak capacity through sliding friction.
2.3. Internal Grout Repair Methodology
Following the infliction of damage to the internal grout repaired specimens, each
specimen was then fitted with two end plates to provide containment of the grout at the
ends of the specimen. Holes had been machined and tapped into each of these end plates
to facilitate the installation of grout ports. A standard 1 inch gate valve was inserted into
the inlet port to enable pressurized injection of the grout into the specimens. The outlet
port consisted of a three foot vertical standing pipe. The end plates were tensioned into
position and secured by the means of tightening four lengths of all thread rod that passed
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through both end plates which had been fitted onto each end of the specimen. In addition,
foam spacers were placed inside of the specimen and prior to placement of the end plates.
These foam spacers would create a void in the grout at each of the specimen's ends (see
Figure 2.26) to allow the direct application of the axial load through the ends of the steel
tubular during testing. A grout pump with a one inch diameter hose was utilized in the
grout injection. The specimens were inclined approximately 45 degrees to simulate field
conditions and the grout was injected from the low end and pumped to the high end. The
grouting set-up is shown in Figure 2.27. Grout was pumped under low pressure and
allowed to completely flush through the tube, overflowing out of the standing pipe.
Grouting continued until a consistent mix was flowing out of the standing pipe. The inlet
valve was then closed and the grout pumping was stopped. The grout-filled specimens
were subsequently cured inside the laboratory, sheltered from the sun and from any drastic
temperature variations.
2.4. Experimental Test Set-up
A 500 kip self-reacting test frame, shown schematically in Figure 2.28, was designed
and fabricated for the purpose of testing the specimens under compressive axial load.
Care was taken in the development of the design criteria for the test frame to appropriately
model assumed experimental parameters including: (1) pinned-end conditions; (2)
unrestrained rotation of specimen ends about any axis; (3) adequate clearance for lateral
displacement of the specimen; and (4) sufficient test frame capacity. Components of the
test frame included: two frictionless precision machined ball-and-socket bearing
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connections; a frictionless sliding load beam and track system located by a reinforced
concrete guide block; a reinforced concrete reaction block; and two high strength tension
rods. A photograph of the test frame is given in Figure 2.29.
The spherical ball-and-socket bearing connection, shown in Figure 2.30, was
designed to effectively model true pinned-end conditions by' allowing free rotation of an
end of a specimen. The ball-and-socket were machined to a tolerance of 0.003 inch. The
ball was coated with high-pressure grease before being fastened to the socket with high
strength bolts. The grease minimized friction in the connection as well as preventing any
corrosion or debris from building up in the socket. All welds designed for fabricated
pieces were sized for force and moment actions resulting from a specimen ultimate
compressive load of 500 kips being developed within the test frame.
The load beam, Figure 2.31, was designed to accommodate the ball-and-socket
bearing connections, transfer the tension rod force to the specimen, and slide in a
controlled, relatively friction free manner on the sliding-track system installed on the guide
block. This beam was built up from two standard C15x50 channel shapes placed back to
back with a 3 inch gap which provided passage for the tension rods, and secured by
welded plates. Various web stiffeners were located in the regions of applied loads and
reactions. A 3 x 2 x 1/4 inch structural tube of 28 inches in length was welded at each end
of the load beam, to which four cast iron V-notched wheels were attached. These V-
notched wheels rode on rails that were anchored to the guide block. Each pair of these
wheels was located at 26 inches on center at the ends of the structural tubes to provide a
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wide wheel base in order to minimize any horizontal or vertical racking of the load beam
during testing.
The guide block was designed to support the sliding track system for the load beam
as well as resist any accidental racking forces that did develop in the load beam. Extreme
care was taken in the construction of the guide block to ensure that the tracks guiding the
V-notched wheels, and subsequently the load beam, were installed parallel and level with
each other to ininimize load beam racking. The tracks consisted of a WlOx45 beam that
had two pieces of angle placed between its flanges. On the lower inside face of the flange,
a 60 inch length of 2 x 2 x 3/8 inch angle was laid with its apex side up and welded along
its edges over its entire length to the inside face of the lower flange of the WlOx45. A
second 60 inch length of angle having threaded rods welded to the inside face at its apex,
was fitted into the upper flange of the WIOx45 and bolted. This two angle arrangement
allowed adjustment of the double sided track that supported and guided the V-notched
wheels of the load beam from above and below (see Figure 2.32). The WlOx45's were
subsequently leveled and made parallel to the axis of loading using leveling nuts threaded
onto vertical rods. These vertical rods had been positioned with a surveyor's level and
cast into the guide blocks. The treaded rods were anchored and set using a pair of anchor
plates as shown in Figure 2.33. The bottom plate was encased at the bottom of the
concrete block and bolted to the threaded rods to resist any uplift forces placed on the
tracks. The other steel plate of each pair was cast at the top surface of the concrete block
to ensure that the threaded rods were all aligned vertically.
The reaction block of the test frame was designed to resist the moments and shear
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imposed on it by the two hydraulic cylinders and the bearing of the ball-and-socket
connection to the test specimen. Additional steel plates were placed in the block behind
each hydraulic cylinder and the ball-and-socket connection to resist local crushing of the
concrete and to provide positive bearing for the attached elements. Figure 2.34 shows an
end view of the reaction block during construction.
Both the reaction and guide blocks were spaced and leveled in the test configuration
on the laboratory floor to accommodate a specimen 14 to 16 feet in length. A surveyor's
level was used to align and level the two blocks, before being Hydrostoned to the
laboratory floor. The Hydrostone ensured even bearing on the floor to help minimize
accidental sliding of the blocks during testing.
The two high strength threaded tension rods were each 2 inches in diameter and
comprised of two lengths coupled together and extending a total of 20 feet. The rods
each had a working load rating of 250 kips.
Load collars, indicated in Figure 2.28 and displayed in Figure 2.30, transferred the
axial load to the ends of the specimen from the sliding load beam. A similar collar was
used to transfer the load from the reaction block to the other end of the specimen. Each
load collar was fabricated from a 9.625 inch diameter steel tube section that was 10 inches
in length. The tube section was welded at one end to a 16 inch square mounting plate,
which had a drilled hole pattern to match the ball-and-socket connection. Prior to
placement of the load collar on a specimen, end platens were first inserted into each end of
the specimen to provide uniform bearing pressure over the cross-section of the tubular.
Then, a load collar was slipped over each end of the specimen and centered with the use of
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several set screws drilled into the collar. Hydrostone was then injected into the collars to
provide a uniform bearing surface between the load collars and the end platens as well as
the outer wall of the specimen. The specimen was then installed into the test frame by
bolting the mounting plate of the load collar to the ball-and-socket connection. The
mounting plate was aligned prior to bolting such that the center of the load collar
coincided with the center of the spherical bearing to apply concentric axial loading of the
specimen.
Compressive axial load was applied to the specimen through the use of a 150 ton
capacity hollow plunger hydraulic cylinder reacting against each tension rod (see Figure
2.35). The pair of hydraulic cylinders were connected to a 10,000 psi air-cooled hydraulic
pump, using a common hydraulic line to synchronize the pressure in each cylinder. A
pressure relief valve was used to limit pressure developed by the pump in the hydraulic
line, thus limiting the force developed on the tension rods and enabling load control during
testing. An in-line needle valve afforded the tight metering of flow into each cylinder,
subsequently allowing displacement control in the post-ultimate region of loading during
testing.
2.5. Instrumentation and Data Acquisition
Each specimen was instrumented to monitor its response under loading. Figure 2.36
shows the instrumentation set-up employed for the non-repaired and internal grout
repaired specimen tests. Axial shortening was measured over the gage length (Lg) of the
specimen, using two displacement transducers located at the south end and attached to
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targets at the north end. Table 2.7 lists the gage lengths over which axial shortening was
measured for each of the test specimens. The two shortening transducers were averaged
together to obtain the axial shortening at the centerline of the specimen. Electric
inclinometers were mounted on each end of the specimen to record end rotation.
Vertical displacements in the plane of bending of the specimen were measured by
five equally spaced transducers along the length of the specimen. The dent growth was
lJlonitored using two vertical transducers, one measuring the displacement of the bottom
of the dented section while the other measuring the displacement of the saddle of the dent,
as shown in Figure 2.36. These two readings were subtracted from each other to attain
the dent-depth growth. A displacement transducer was also placed at the dented section
to monitor any movement of the specimen out of the plane of bending.
Strain gages were placed around the circumference of the tube at its quarter points
along the span to monitor longitudinal and hoop strains. The longitudinal gages at each
end were also used in the alignment of a specimen during its installation into the test
frame. These gages were also used in the verification of the load readings obtained from
the load cells. Figure 2.37 shows the results of one of these verifications. Two strain
gages were also placed on the top face of the specimen on either side of the dent to
monitor longitudinal strain in the dent saddle.
A pair of calibrated load cells were located between the load beam and the nut of the
tension rod to record the load applied to each tension rod. The separate readings were
combined to provide the total applied axial load.
Figure 2.29 shows a specimen installed into the test frame, instrumented for
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response, and ready to test. Specimens were whitewashed prior to testing with a hydrated
lime solution to display yield patterns.
All data from the instrumentation was collected using the DATACQ 3.1 computer-
controlled data acquisition system software developed for this experimental test program
[Mihalic, 1992]. The system utilized a 386 IBM PC compatible computer to run the
DATACQ 3.1, and is capable of continuously scanning a total of 64 channels with 12 bit
. accuracy. This was accomplished by multiplexing a 16 channel National Instruments AT-
MIO-16 AID board with two 32 channel National Instruments Multiplexing boards.
During a test, protection against a power failure was provided by the use of a back-up
power supply capable of powering all instrumentation, the data acquisition system, and the
hydraulic pump for ten minutes in the event of a power outage.
2.6. Test Procedure
After the installation and instrumentation of a test specimen, the data acquisition
was configured by execution the program DATACQ31.EXE and taking a zero scan of all
channels. The transducers were checked against known displacements to verify system
operation. Another zero scan was taken and written to disk. A shunt calibration of the
stain gages was performed to confirm voltages input into the resistors. Channels and their
associated increments in signal output readings were then selected to trigger the system to
record the data to disk and to select screen displayed channels. Display channels for real
time display and printer output were also defined.
Prior to initiating the actual test of a specimen, its axial alignment was verified by
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applying an initial load of 25% of the expected ultimate axial load, Pmax• Longitudinal
axial strains were monitored during alignment to check for uniformity around the
circumference of the cross-section at several locations. This verification ensured that no
accidental eccentricity was introduced into the specimen during its installation into the test
frame. The alignment also provided an initial seating force necessary to firmly seat all
components of the test frame and ready the system for testing. Strain readings within 5%
were considered acceptable for alignment, else the specimen misalignment was corrected.
After the alignment, the specimen was unloaded and all instruments were zeroed in the
data acquisition program.
A compressive axial load during testing was applied at an approximate rate of 1 ksi
per minute. The loading rate was controlled by limiting the pressures developed by the
pump and released to the hydraulic cylinders. Load control was attained in the ascending
branch of the load-shortening curve by slowly increasing the pressure delivered to the
cylinders by the use of the pressure relief valve. This increase in pressure increased the
force developed in the hydraulic cylinders and subsequently applied additional tension to
the tension rods.
Scan triggers were set within the data acquisition software to record to disk all
instrumented channels at increments of approximately 2 kips of the total applied load or
specimen axial shortening of approximately 0.03 inches. An axial shortening signal was
fed into an XY recorder, together with the load cell signal, to provide a real-time graphic
load-shortening curve. During loading on the ascending branch of the specimen's axial
load-deformation response, triggering was typically controlled by the load increments.
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The applied loading was halted frequently to allow the load to stabilize and static
readings to be scanned. The load stabilization in the ascending portion of the load-
shortening curve was accomplished by locking in the current pressure of the system. The
loading was continued until the ultimate capacity of the specimen was reached and the
maximum static load was recorded. Frequent manual scans were taken near the peak load
to ensure that the maximum load and all other instruments readings were recorded.
Beyond ultimate capacity, displacement control was introduced into the loading system by
the tight metering of the in-line needle valve which controlled the flow of hydraulics into
the hollow-core cylinders. With the pressure decreasing, increased hydraulic fluid flow
was allowed, subsequently increasing the cylinder stroke. The triggering for recording of
the data acquisition software by shortening typically began just prior to attaining the peak
load, as the specimen axial shortening became large.
The test was continued until the specimen's strength reached zero, or a total
displacement of five times the displacement at peak load was reached. Typically the latter
controlled. After the loading was discontinued, the data was saved to disk in binary form
with the name extension *.DAQ, and the program was exited. The file created by
DATACQ 3.1 was then post-processed by the program DATARED.EXE to create a
group of individual channel files in ASCII format for subsequent data reduction and
analysis.
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Table 2.1 - Experimental Test Specimen Matrix
-l
Test r Dent-
Series Specimen D/t Depth, Description of Specimen
- dd
1 CIa 64 O.1OD Damaged, Non-repaired
A6 34.5 Damaged, Non-repaired
2 B6 46 O.15D Damaged, Non-repaired
C6 69 Damaged, Non-repaired
3 B17 46 O.20D Damaged, Non-repaired
4 A8 34.5 O.30D Damaged, Non-repaired
C8 69 Damaged, Non-repaired"'
A7 34.5 Damaged, Internal Grout Repair r
B7 46 Damaged, Internal Grout Repair ., ,
5 B7a 46 O.15D Damaged, Internal Grout Repair with RedcYced ~nt~rnal Bond Strength
B7b 46 Damaged, Internal Grout Repair with [{educed Grout Strength
C7 69 Damaged, Internal Grout Repair
6 A9 34.5 O.30D Damaged, Internal Grout Repair
C9 69 Damaged, Internal Grout Repair
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Table 2.2 - Measured Specimen Pre-Damaged Geometry
-...,\
N
Diameter, D Thickness, t Initial
Test (inches) i (inches) Length, L Ovality BoIL
Series Specimen (inches) Dmax-Drnin
Mean COY Mean- COY Dmean
1 CIa 8.619 0.0810 0.136 0.0200 183.75 0.0320 0.0003
A6 8.637 0.0652 0.253 0.0111 177.88 0.0199 0.0002
2 B6 8.621 0.0663 0.189 0.0192 179.19 0.0121 0.0006
C6 8.590 0.0923 0.127 0.0321 180.50 0.0420 0.0001
3 B17 8.617 0.0562 0.189 0.0172 179.00 0.0156 0.0002
4 A8 8.625 0.0663 0.253 0.0095 177.25 0.0174 ·0.0003
C8 8.625 0.0897 0.127 0.0302 - 180.50 0,03-65 0.0002
A7 8.645 0.0649 0.250 0.0114 177.50 0.0155 0.0005
B7 8.625 0.0571 0.190 0.0203 179.50 0.0149 0.0005
5 B7a 8.625 0.0594 0.189 0.0178 179.88 0.0136 0.qQ.05
B7b 8.625 0.0602 0.189 0.0184 179.25 0.0162 0.0006
C7 8.588 0.0875 0.127 0.0299 180.50 0.0278 0.0002
6 A9 8.633 0.0674 0.253 0.0118 177.50 0.0173 0.0007
C9 8.597 0.0799 0.128 0.0317 180.50 0.0392 0.0002
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Table 2.3 - Test Specimen Parameters Based on Measured Specimen Geometry
Test Specimen D/t KL/r "A- KLFj
- r 1t E
Series
1 CIa 63.4 61.05 0.750
A6 34.1 60.09 0.686
2 B6 45.6 60.13 0.713
C6 67.6 59.97 0.703
3 B17 45.6 60.07 0.721
4 A8 34.1 59.88 0.666
C8 67.9 59.97 0.694
A7 34.6 59.97 0.694
B7 45.4 60.23 0.715
5 B7a 45.6 60.36 0.725
B7b 45.6 60.15 0.714
C7. 67.6 59.97 0.703
6 A9 34.1 59.97 0.676
C9 67.2 59.97 0.720
Table 2.4 - Measured Specimen Damaged Geometry
Test 8p!L ddlD Wd
Series Specimen (inch)
1 CIa 0.0026 0.097 5.0
A6 0.0019 0.146 6.2
2 B6 0.0015 0.151 6.2
C6 0.0018 0.149 6.2
A7 0.0019 0.151 6.2
B7 0.0019 0.149 6.2
5 B7a 0.0021 0.150 6.2
B7b 0.0022 0.149 6.2
C7 0.0019 0.146 6.2
3 B17 0.0032 0.198 6.8
4 A8 0.0099 0.299 9.0
C8 0.0060 0.296 9.0
6 A9 0.0094 0.297 9.0
C9 0.0059 0.300 9.0
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Table 2.5 - Measured Specimen Material Properties
Steel Elastic Static Yield Dynamic Compressive Ultimate Compressive Grout Elastic
Test Specimen Modulus Stress Yield Stress Yield Stress l Stress Grout Stress Modulus
-
Series Es (ksi) cry,s (ksi) cry,d (ksi) cry,c (ksi) cru (ksi) r g (ksi) Eg (ksi)
1 CIa 30800 43 44 38 58 - -
A6 29510 34 38 36 59 - -
2 B6 29940 38 41 38 60 - -
C6 30220 37 40 37 55 - -
3 B17 29940 39 42 38 60 - -
4 A8 29510 34 36 36 ~. _.60 - -
C8 30220 36 39 36 54 - -
A7 29510 35 39 36 ' 59, 5.54 " 3614
B7 29940 38 41 38 61 5.64 3647
5 B7a 29940 39 42 38 60 '5.97 3752
B7b 29940 38 41 38 61 2.51 2433
C7 30220 37 40 36 53 6.40 3885
6 A9 29510 34 37 36 56 5.38 3562
C9 30220 39 42 37 53 6.00 3761
1 Compressive Yield Stress Reported is Based on Static Measurement
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Table 2.6 - Summary of Grout Cylinder Tests
Grout Cube Grout Cylinder Cylinder Elastic
Cylinder Compressive Compressive Modulus
Strength, f' ~ (psi) Strength, f' e (psi) Ee (ksi)
1 7550 4630 3750
2 7550 4890 3600
Table 2.7 - Measured Specimen Axial Shortening Gage Lengths
Test Lei
Series Specimen (inch)
CIa CIa 141.38
A6 A6 138.75
B6 B6 138.75
C6 C6 141.50
B17 B17 138.25
A8 A8 135.2
C8 C8 140.88
A7 A7 138.00
B7 B7 138.50
B7a B7a 139.69
B7b B7b 141.44
C7 C7 141.13
A9 A9 136.25
C9 C9 141.81
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Figure 2.6 - View of Specimen in Universal Test Machine During the Application of Dent-
Damage
Figure 2.7 - Close-up View of Knife-edge Indentor Used to Inflict Dent-Damage
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Figure 2.6 - View of Specimen in Universal Test Machine During the Application of Dent-
Damage
Fig1Jfe 2.7 - Close-up View of Knife-edge Indentor Used to Inflict Dent-Damage
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Figure 2.15 - View of Tensile Coupon Prior to Testing
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Figure 2.15 - View of Tensile Coupon Prior to Testing
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Figure 2.16 - Typical Tensile Coupon Stress-Strain Curve for Specimens with
(a) D/t= 34.2, (b) D/t= 46, and (c) D/t= 69
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Figure 2.16 (continued) - Typical Tensile Coupon Stress-Strain Curve for
Specimens with (a) D/t =34.2, (b) D/t= 46, and (c) D/t= 69
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Figure 2.17 - General Stub Column Test Set-up and Instrumentation
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Figure 2.18 - Photograph of Stub Column Specimen After Development of
Significant Local Buckling in the Post-Ultimate Load Range
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Figure 2.19 - Stub-Column Stress-Strain Curve for Specimens with
(a) D/t =34.5, (b) D/t =46, and (c) D/t = 69
o-+----r----,--~-_.-___,r_-r__-,__-_r_-_.________t
0.00
88
Figure 2.18 - Photograph of Stub Column Specimen After Development of
Significant Local Buckling in the Post-Ultimate Load Range
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Figure 2.19 - Stub-Column Stress-Strain Curve for Specimens with
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Figure 2.19 (continued) - Stub-Column Stress-Strain Curve for Specimens with
(a) D/t= 34.5, (b) D/t=46, and (c) D/t= 69
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Figure 2.24 - (a) Schematic of General Set-up for Bond Specimen and
(b) Photograph ofBond Specimen in Test Machine Prior to Loading
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Figure 2.24 - (a) Schematic of General Set-up for Bond Specimen and
(b) Photograph of Bond Specimen in Test Machine Prior to Loading
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Figure 2.27 - Inclined Set-up for Internal Grouting of Repaired Specimens
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INTENTIONAL SECOND EXPOSURE
Figure 2.27 - Inclined Set-up for Internal Grouting of Repaired Specimens
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INTENTIONAL SECOND EXPOSURE
Fig'.lre 2.29 - 500 kip Self-Re:J.cting Test Frame
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Figure 2.29 - 500 kip Self-ReJ.cting Test FrJ.me
Figure 2.30 - Ball-J.nd-Socket BeJ.ring Connection Allowing Free Rotation of the Ends of
the Specimeil
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I INTENTIONAL SECOND EXPOSURE
Figure 2.31 - Sliding Load Beam and Reinforced Concrete Guide Block
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Figure 232 - Schematic of Sliding Track System Installed onto the Guide Block
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Figure 2.31 - Sliding Load Beam and Reinforced Concrete Guide Block
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Figure 2.32 - Schematic of Sliding Track System Installed onto the Guide Block
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INTENTIONAL SECOND EXPOSURE
F;::-,re 2.33 - FOrill\\ork :.md Sted Reinforcement of Guide Block Prior to Casting
Fig...!re 2 ..3..1 _ FOrillwork and Sted Reinforcement of Reaction Block Prior to Ca::'ring
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Fig1Jfe 2.33 - Formwork and Steel Reinforcement of Guide Block Prior to Casting
Fig1Jfe 2.34 - Formwork and Steel Reinforcement of Reaction Block Prior to Casting
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Figure 2.35 - Two 150 ton Hydraulic Cylinders Attached to Tension Rods and Reacting
Against the Backside of the Reaction Block
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I INTENTIONAL SECOND EXPOSURE
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CHAPTER 3
EXPERIMENTAL BEHAVIOR
This chapter discusses the observed behavior of the 14 damaged bracing specimens
that were axially 'compressed to failure. The discussion related to each of the tests is
described herein under sections pertaining to the 6 test series defined previously in Section
2.1. Observations and specimen response are presented, along with a summary of the
experimental behavior for each test series. The behavior of each specimen is described by
the axial load-shortening (P-Li) response, the growth in dent-depth (dd), the lateral
displacements of the specimen along its length (8x), and by the development of
longitudinal strains in the dent-damaged region. These measu~ed displacements and
strains are also correlated to observed signs of yielding and local buckling that occurred
during the coarse of testing.
All references to the test specimens and dent-damage are made in relation to Figure
3.1, which defines the nomenclature describing the orientation, specific features, and
response quantities of a typical test specimen. Each specimen was oriented in the test
frame such that its longitudinal axis was oriented parallel to the laboratory floor and
coincided with the north-south direction. The sliding load beam and the fixed reaction
were located north and south, respectively. All specimens had their longitudinal weld
seam facing the laboratory floor, thus defining the bottom surface of the tubular. In this
position, the dent-damage being 180 degrees opposite of the weld seam defined the top
surface of the tubular. The east and west surfaces of the specimen were located 90
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degrees clockwise and counter-clockwise from the top surface, respectively, and
corresponded with the east and west directions. The lateral displacements (8x) coincided
with downward deformation of the specimen toward the laboratory floor, as shown in
Figure 3.1.
3.1. Behavior of Damaged, Non-repaired Specimens
A total of seven tests were conducted to assess the affect of concentric axial loading
on the behavior of members having dent-damage that ranged in depth from 0.097D to
0.300D, where D is the measured specimen diameter. The global out-of-straightness (8p)
of these specimens ranged from 0.0015L to 0.0099L, where L is the measured length of
the specimen. AIl specimens had a nominal slenderness ratio (kL/r) approximately equal
to 60 and a column slenderness parameter (I-) of about 0.70. This group of tests provided
a database to assess the reduction in axial load capacity due to the extent of dent-damage.
In addition, the database developed from these test results enabled an evaluation to be
made of the analytical state-of-the-art methods for predicting the residual strength of dent-
damaged members which is presented in Chapter 4. The measured geometry for these
specimens is listed in Tables 2.2, 2.3 and 2.4 for the initial and damaged states,
respectively. Measured steel material properties for all specimens are given in Table 2.5.
3.1.1. Test Series 1 - O.lOD Dent-Depth
Specimen Cl-a - Specimen Cl-a modeled a bracing member with a nominal D/t ratio of
64, being subjected to concentric axial loading with dent-damage measuring 0.097D in
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depth. The local dent-damage existed on the top surface of the tube at midspan. The out-
of-straightness (<>p) of the specimen was 0.0026L. This specimen had the same geometry
as Specimen C1, which was tested in Phase1 of this experimental program [Ricles, Gillum,
and Lamport, 1992]. Specimen CI-a was tested to address the issue concerning
questionable test results of Specimen C1, which develo.ped a capacity that was unusually
high when compared to the ultimate capacity predicted by several analytical methods.
The normalized axial load-shortening response of Specimen CI-a is shown in Figure
3.2, where the applied axial load (P) and axial shortening (Li) have been normalized with
respect to the yield strength (Py) of the steel tube cross-section and total specimen length
(L), respectively. As the axial load was increased, the initial slope of the load-shortening
response was in close agreement with the linear elastic stiffness of a similar, yet non-
damaged tubular. The dent-growth, shown in Figure 3.3, was also increasing at a linear
rate as the applied load approached the ultimate load (Pu). The lateral deflection (8) of the
specimen at midspan, however, was rapidly growing as indicated in Figure 3.4, which
shows the normalized axial load-midspan lateral deflection response of the specimen.
At the peak load of 85 kips (Pu =0.53 Py) an abrupt loss in capacity was observed,
where during the experiment a rather rapid descent to approximately 70% of the peak load
occurred before the axial load was stabilized. The initializing of yielding on both the east
and west sides of the specimen in the dent-damaged region was observed just prior to
reaching the axial load of Pu, as shown in Figure 3.5. The dent-depth rapidly grew rapidly
from O.OlD to 0.04D, while the midspan lateral displacement was observed to increase
from 0.0022L to 0.0063L after failure and prior to load stabilization. The longitudinal
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strains at the bottom of the dented cross-section diverged from those developed on the
east and west sides at Pu, as shown in Figure 3.6. This phenomena is associated with the
growth in dent-depth and the generation of second-order bending stresses from lateral
defections. To maintain equilibrium at the section, the bottom surface of the dented
region developed a tensile field necessary to balance the large compressive stresses that
developed on the east and west surfaces of the dented cross-section. The strains measured
on the top of the dent saddle decreased rapidly at the initiation of dent growth at failure,
as shown in Figure 3.7.
Soon after reaching the peak load, second-order bending effects became pronounced
as the lateral defections of the specimen increased as shown in Figures 3.8 and 3.9.
Concentrations of curvature at midspan accompanied with pronounced yielding on the
bottom surface and along the east and west sides of the tubular in the dented region
indicated the formulation of a plastic hinge, characterized by two distinct local buckles on
either side of the deepened dent saddle (see Figure 3.10). Continued shortening resulted
in further deterioration of the axial capacity of the member and large increases in lateral
deflections along the length of the specimen as shown in Figure 3.9. The deflected shape
upon the completion of the test is shown in Figure 3.11.
The peak load of 85 kips (Pu = 0.53 Py) for Specimen Cl-a was 39% less than the
capacity of a corresponding non-damaged member, as estimated using the SSRC Column
Strength Curve 1 [Galambos, 1988]. Furthermore, the capacity of Specimen Cl-a was
11 % less that that of Specimen C 1.
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3.1.2. Test Series 2 - 0.150 Dent-Depth
Specimen A6 - Specimen A6 modeled a bracing member having a nominal D/t ratio of
34.5 subjected to concentric axial loading with dent-damage measuring O.l46D in depth.
The measured out-of-straightness (Op) of the specimen in its damaged state was 0.0019L.
The ascending portion of the normalized axial load-shortening response of Specimen
A6 prior to achieving its peak load (Pu) was linear and in close agreement with elastic
theory, as shown in the normalized axial load-shortening relationship of Figure 3.12.
Initial yielding of the specimen was first noticed at 70% of Pu, and initiating at the crest of
the dent and attenuating along the sides of the tubular to a distance of about 9 inches from
the centerline of the dent. This yielding was a result of the compressive stress flow around
the dent saddle combined with the compressive residual stresses introduced into the
cross-section from the denting process. A slight linear growth in dent-depth was observed
prior to reaching the ultimate capacity of the specimen, as indicted in Figure 3.13.
At the peak load of 141 kips (Pu =0.56 Py), the dent-depth rapidly increased by
0.03D. The lateral stiffness of the specimen, as indicated by the slope of the normalized
axial-load midspan deflection response curve shown in Figure 3.14, began to decrease
prior to achieving Pu, which initiated at about 80% of Pu• At failure, this stiffness greatly
decreased as the specimen laterally displaced at midspan to approximately 0.0025L. The
history of longitudinal strains around the circumference of the damaged section are shown
in Figure 3.15. As in Specimen C1-a, the bottom longitudinal gage in the dented cross-
section developed a reversal in strain, leading to tensile strain as the dent-depth grew and
second-order effects increased due to growth in the lateral displacement (0) at midspan.
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The strains measured by the strain gages located inside the dent saddle, shown in Figure
3.16, approached the yield strain of the steel tubular as the specimen was loaded to Pu• At
the axial load of Pu, the dent growth and ovalization of the cross-section that had occurred
forced compressive stresses to flow directly to the stiffer east and west sides of the dented
section, leading to a reduction in strain within the dent saddle.
The application of axial shortening after achieving Pu resulted in continued dent
growth and formation of a plastic hinge in the dent-damaged region due to the loss of
cross-sectional depth, resulting in a capacity reduction and increasing second-order
bending effects. Measured lateral displacements of the specimen revealed a concentration
of curvature in the dented region following the application of peak load, as shown in
Figure 3.17. Extensive yielding of the steel around the circumference of the damaged
cross-section continued as plastification of the dent occurred as indicated in Figure 3.18.
Yielding also spread along both sides of the tubular away from the dented region to a
distance of 16 inches from dent centerline. Dimples were observed to form at the ends of
the dent saddle when gross ovalization of the section occurred after the plastic hinge
developed (see Figure 3.19).
The peak load of 141 kips which developed in Specimen A6 corresponded to an
axial load capacity that was 39% less than that for a corresponding non-damaged member,
where the capacity was estimated using the SSRC Column Strength Curve 1.
Specimen B6 - Specimen B6 modeled a bracing member having a nominal D/t ratio of 46
and subjected to concentric axial loading. The measured dent-damage consisted of a dent-
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depth of~~Ximum out-of-straightoess (6,) of O.OO15L following denting.
The normalized axial load-shortening response of Specimen B6 is shown in Figure
3.20. As the axial load was applied, the initial slope of the load-shortening curve was in
close agreement with the linear elastic stiffness of a corresponding non-damaged tubular.
The dent-depth was observed to grow initially in a linear manner, as shown in Figure 3.21.
The global out-of-straightness along the length of the tube also increased under the
applied load, where the maximum lateral displacement occurred at midspan as shown in
Figure 3.22. Yield lines in the applied lime wash were first visible at 57% of the peak load
Pu, (corresponding to 0.27 Py) within a region 11 inches from either side of the dented
region (see Figure 3.23). These lines radiated from the crest of the dent saddle at the top
of the tubular, and were inclined about 45 degrees as they progressed around the sides of
the member, attenuating away from the dent. The yield pattern was symmetric with
respect to both sides of the dent, as well as being reflected on either side of the specimen's
longitudinal axis. This yielding indicated the development of the maximum compressive
stress flow through the dented cross-section at midspan. These compressive stresses were
magnified by the eccentricity between the axial load and the neutral axis of the dented
cross-section, as well as the downward tube displacement combined with global out-of-
straightness which caused additional compressive stresses to develop due to second-order
effects. This initial yielding, however, did not significantly reduce the specimen's axial
stiffness, as the linear trend in both the axial load-shortening and axial load-lateral
displacement relationship continued up to the peak load, as shown in Figures 3.20 and
3.24.
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At the peak axial load of 90 kips (Pu = 0.47 Py), the axial displacement was held
constant such that static readings and observations could be made. The lateral
displacement was 0.325 inches (0.002L) downward and the dent had grown by 0.126
inches (0.015D) since the initiation of the test. During the static reading, the axial
unloading due to relaxation of the specimen was minimal. As testing continued, the axial
load decreased gently to 89 kips (Pu = 0.46 Py) as the specimen shortened. The lateral
displacements of the specimen were observed to suddenly double to approximately 0.650
inches (0.004L), while growth in dent-depth also increased from 0.255 inches (0.030D) to
0.537 inches (0.062D).
Following peak load, the capacity of the specimen is shown in the axial load-
shortening relationship (Figure 3.20) to continuously deteriorate as an increase in axial
shortening was imposed during the test. The strain gage readings indicated that large
longitudinal strains developed at the dented cross-section around the circumference of the
specimen, after reaching peak load as shown in Figure 3.25. The spreading of yield lines
around the east and west sides of the tube from the dented region were also observed as
the axial shortening continued. Yielding outside the dented region remained symmetric
and had attenuated longitudinally to a length of 15 inches from the midspan dent on both
sides of the specimen.
As the capacity of the specimen deteriorated, a pronounced growth in the dent-
depth and the lateral displacements along the specimen occurred, as shown in Figures 3.21
and 3.24. The growth in dent-depth led to a strain reversal in the outer wall of the tubular
within the dent saddle (see Figure 3.26). With continued axial shortening, yielding
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Iprogressed through the depth of the dented cross-section, causing a plastic hinge to form
in the dent-damaged region. Figure 3.27 shows a photograph of the dented region during
this stage of testing. The formation of distinct dimples at both ends of the dent saddle
occurred as the dent-depth continued to grow and large lateral displacements developed.
The specimen tended to develop a concentration of large curvature in the dented cross-
section, as it folded in half about the dent. The test was discontinued when the specimen
was shortened to 2% of its total length, at which the lateral deflection of the specimen
interfered with the experimental test frame. The deformed specimen is shown in Figure
3.28 upon completion of the test.
The peak load of 90 kips, which developed for Specimen B6 corresponded to a
capacity that was 51 % less than that for a corresponding non-damaged member, estimated
using the SSRC Column Strength Curve 1.
Specimen C6 - Specimen C6 modeled a bracing member having a nominal D/t ratio of 69,
and subjected to concentric axial loading. The measured dent-damage consisted of a dent-
depth of O.l49D and a maximum out-of-straightness of 0.0018L. Figure 3.29 shows
Specimen C6 in the test frame just prior to testing.
The axial load-shortening relationship shown in Figure 3.30 displayed a deviation
from linearity at about 75% of the peak load Pu, as the second-order bending effects on
the specimen increased due to growth in the midspan lateral deflection. Prior to achieving
Pu, the lateral stiffness of the member, related to the ascending slope of the normalized
axial load-midspan lateral deflection curve, began to decrease, as shown in Figure 3.31.
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At the peak load of 62 kips cPu =0.46 Py), the lateral displacement of the member had
grown to nearly 0.003L. The normalized lateral displacement profile along the length of
the member is shown in Figure 3.32 at various stages of loading, and clearly indicates the
extent of global bending prior to failure of the member. Similar to the previously tested
specimens, a large growth in dent-depth was also observed to occur in Specimen C6 near
peak load as indicated in Figure 3.33, further reducing the member's ability to resist the
applied compressive load. Initial yielding at the ends of the dent fold were observed to
simultaneously occur at the attainment of ultimate capacity of the member, as shown in
Figure 3.34.
The longitudinal strain history developed around the circumference of the dented
section and in the dent saddle for Specimen C6 are shown in Figures 3.35 and 3.36,
respectively. As in the response of previously tested specimens, a reversal from
compression to tension occurred in the bottom longitudinal strain gage of the dented
region. Prior to reaching the peak load, the exterior top surface of the tube in the dent
saddle developed compressive strain under the applied load. As the dent grew in depth,
tensile strains developed as the dent saddle was forced to accommodate the large dent
growth, causing local bending of the wall of the tubular.
Continued axial shortening resulted in extreme lateral deflections as indicated in
Figure 3.37. As a result of this excessive deflection, large compressive strains developed
as the stress flow necessary for equilibrium passed around the dent saddle along the east
and west sides of the tubular. Heavy yielding and plastification on the east and west sides
of the tubular were observed and noted to extend nearly 6 inches on either side of the dent
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centerline. As the dent continued to grow inwards, a local outward buckle developed at
both ends of the dent saddle, as shown in Figure 3.38. These buckles continued to grow
outward until the test was discontinued, at which time the axial shortening had exceeded
10 times the shortening at yield.
The peak load of 62 kips which developed for Specimen C6 corresponded to a
capacity that was 50% less than that for a corresponding non-damaged member, as
estimated using SSRC Column Strength Curve 1.
3.1.3. Test Series 3 - O.20D Dent-Depth
Specimen B17 - Specimen B 17 modeled a bracing member having a nominal D/t ratio of
46 and subjected to concentric axial loading. The measured dent-damage consisted of a
dent-depth of 0.198D and maximum out-of-straightness (8p) of 0.0032L following
denting. A photograph of Specimen B17 near the start of testing is shown in Figure 3.39.
The axial load-shortening response of Specimen B17 is presented in Figure 3.40,
where the axial stiffness of the member prior to maximum axial load correlates well with
that predicted for a non-damaged tubular with a similar D/t ratio and length. Both the
dent growth and lateral deflection of the member at midspan gradually increased with the
application of axial load as shown in Figures 3.41 and 3.42, respectively.
A peak load of 84 kips (Pu =0.47 Py) was reached, as yielding in the dent saddle
along the length of the dent fold was observed. The growth in dent-depth at peak load
was approximately 0.25 inches (0.029D). This dent growth, which was accompanied by
and an ovalization of the damaged cross-section, resulted in the development of an
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eccentricity in the dented cross-section which generated additional bending stresses.
Longitudinal strains around the circumference of the dent-damaged region, plotted in
Figure 3.43, show the gage at the bottom of the cross-section developing tensile strains as
the dent-depth grew and peak load was achieved. Lateral deflections of the member
increased to nearly O.0025L at peak axial load and further contributed to the development
of bending stresses in the cross-section. Compressive strains measured in the dent saddle
did not unload at failure as was the case in previously tested specimens, and are shown in
Figure 3.44 to continue to increase.
Increased axial shortening after peak load resulted in a deterioration of the axial
capacity of the specimen. Yielding of the steel was observed to increase as the dent grew
in depth and lateral displacements at midspan increased. This yielding attenuated away
from the dent to a distance of approximately 16 inches on either side of the damaged
region. Initially, yielding was confined to the east and west sides of the tubular, however
near the end of the test, it was noted that yield lines were visible on the bottom surface of
the member in the dented region, indicating a plastification of the dented cross-section.
Figure 3.45 shows the displacement profile of Specimen B 17 at various stages of applied
load, and indicates the formation of a plastic hinge at midspan by the high concentration of
curvature at this location. The plastic hinge can be seen in the photograph of the specimen
taken after testing and shown in Figure 3.46. The concentration of curvature in the dented
section is apparent, particularly when comparing Figure 3.46 with a photograph of
Specimen B17 taken at the start of testing (see Figure 3.39).
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The peak load of 84 kips which developed for Specimen B 17 corresponded to a
capacity that was 54% less than that for a corresponding non-damaged member, estimated
using the SSRC Column Strength Curve 1.
3.1.4. Test Series 4 - O.30D Dent-Depth
Specimen AS - Specimen A8 modeled a bracing member having a nominal Oft ratio of
34.5 and subjected to concentric axial loading, with dent-damage measuring 0.2990 in
depth. The measured out-of-straightness (Op) of the specimen in its damaged state was
0.0099L.
The normalized axial load-shortening response of Specimen A8 is presented in
Figure 3.47 and deviates at the onset of the test from the predicted elastic axial stiffness of
a similar, yet non-damaged tubular. Since the inflicted damage significantly reduced the
cross-sectional properties of the tubular in the dented region, the member began to loose
axial stiffness as soon as the axial load was applied. Dent-growth and midspan lateral
deflection both increased at rates faster than that seen in the previously tested specimens
with nominal dent-depths of 0.150, as shown in Figures 3.48 and 3.49, respectively. Just
prior to attaining peak load, the dent-depth had grown by 0.050, representing an increase
of 16% from its original depth.
The history of longitudinal strains around the circumference of the dented cross-
section is shown in Figure 3.50. Unlike the previous specimens having smaller initial denl-
depths, tensile strains are shown to develop at the bottom of the damaged cross-section of
Specimen A8 from the onset of the test. Initial yielding of the cross-section was observed
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along the bottom surface of the dented section as the specimen approached its peak load
of 62 kips (Pu =0.27 Py). Figure 3.50 shows the strain at the bottom of the cross-section
to approach the yield strain at peak load and is consistent with the above observation. The
south strain in the dent saddle, located along the top of the dented segment, is shown in
Figure 3.51 to be near the compressive yield strain at peak load. The larger dent-depth
and initial lateral displacement evidently led to an earlier plastification of the dented
section. Figure 3.52 shows the lateral displaced profile of Specimen A8 and indicates the
existence of large lateral defections of the specimen prior to peak load.
Axial shortening of the specimen beyond attainment of the peak load resulted in a
gradual decrease in capacity and continued yielding around the dented region. Figure 3.53
shows a photograph of the yielding along the east side of the specimen after ultimate
capacity was reached. The yielding spread symmetrically to a distance of nearly 17 inches
from the dent on either side of the tubular. Lateral displacements of the specimen also
continued to grow as the specimen folded about the plastic hinge that had formed at the
midspan dent. Figure 3.54 shows a close up of the heavily plastified dent-damaged region.
The overall lateral deflection of the specimen at the conclusion of the test is shown in
Figure 3.55.
The peak load of 62 kips which developed in Specimen A8 corresponded to a
capacity that was 73% less than that for a corresponding non-damaged member, estimated
using the SSRC Column Strength Curve 1.
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Specimen C8 - - Specimen C8 modeled a bracing member having a nominal D/t ratio of
69 and subjected to concentric axial loading. Following denting, the measured dent-
damage consisted of a dent-depth of 0.296D and a maximum out-of-straightness (Dr) of
0.0060L.
The normalized axial load-shortening response of Specimen C8 is presented in
Figure 3.56 and deviates from the predicted elastic ~ial stiffness from the onset of
loading, in a similar manner as was seen with Specimen A8. The dent-depth also grew
gradually from the onset as the axial load was applied to the specimen as shown in Figure
3.57. As indicated in the normalized axial load-midspan lateral displacement relationship
shown in Figure 3.58, the member possessed very little lateral stiffness, subsequently the
defection at midspan had increased to nearly 0.004L prior to developing its peak load.
Figure 3.59 shows a photograph of the specimen prior to failure, where the overall lateral
defection of the member can be noted when a comparison of the bottom surface of the
specimen is made to the horizontal tension rod.
At the ultimate capacity of 33 kips (Pu = 0.27 Py), initial yielding of the specimen
was observed at the ends of the dent fold, indicating high compressive strains passing
around the dent saddle. The longitudinal strain history around the circumference of the
dented cross-section is shown in Figure 3.60 and confirmed the increase in compressive
strains on the east and west sides of the damaged tubular. Strains in the dent saddle
developed a reversal after failure, as shown in Figure 3.61.
Continued axial shortening of the specimen resulted in a gradual decrease in capacity
and continued yielding in the dented region. Figure 3.62 shows a photograph of the
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dented region and the fonnation of local outward buckles in the yielded areas at the ends
of the dent fold. Lateral displacements of the specimen also continued to grow as the
specimen folded about the plastic hinge that had fonned at the dented cross-section at
midspan, leading to two local buckles. Figure 3.63 shows the lateral deflection profile of
the specimen at various levels of applied axial load and indicates concentrations of
curvature in the heavily plastified dent-damaged region. The overall lateral deflection of
the specimen at the conclusion of the test is shown in Figure 3.64.
The peak load of 33 kips which developed for Specimen C8 corresponded to a
capacity that was 74% less than that for a corresponding non-damaged member estimated
using the SSRC Column Strength Curve 1.
3.1.5. Summary of Behavior for Damaged, Non-repaired Specimens
All seven non-repaired specimens experienced a significant reduction In axial
I
capacity due to the midspan dent-damage, with a greater reduction occurring in the
members with the deeper dent-damage. Each of the specimens tested failed shortly after
yielding occurred in the dent-damaged region, where the axial load resistance deteriorated
with continued axial shortening. For the five specimens with dent-damage having a
nominal depth of O.lOD, O.lSD, and O.20D, the dent consistently was shown to rapidly
grow inwards as the cross-section ovalized upon attaining peak load, reducing the
sectional capacity of the dented region. For the two specimens with the deeper dent-
damage of nominal depth of O.30D (Specimens A8 and C8), second-order bending effects
from large lateral deflections combined with the already drastic reduction in cross-
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sectional properties in the dented region and greater out-of-straightness COp) led to a
significant loss of member strength.
Yielding was observed to initiate in the dent or at the ends of the dent fold near peak
load. Increased axial shortening of the specimen resulted in an attenuation of this yielding
along the sides of the tubular, away from the dent as well as through the thickness of the
dented cross-section. Eventually, second-order bending effects became prominent, leading
to further yielding in the dent-damaged region and resulting in the formation of a plastic
hinge at the midspan dent.
3.2. Behavior of Damaged, Internal Grout Repaired Specimens
A total of seven tests were conducted to assess the performance of the internal
grout repair technique on members having midspan dent-damage that had a measured
range in depth from 0.147D to O.300D. The measured damaged out-of-straightness COp)
of these repaired specimens ranged from O.0019L to O.0094L. The internal grout repair
extended along the full length of the specimen and was applied after the infliction of the
dent, except at both ends of each repaired specimen where a grout void was created in
order to directly apply axial load to the steel cross-section of the specimen. Avoidance of
loading both the grout and the steel simulated prototype conditions where a diagonal
brace is axially loaded by force transfer from the steel chord member of the platform jacket
to the steel section of the brace. The grout compressive strength of the repair was
determined for each specimen on the day of test and reported in Table 2.5. Initial and
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damaged state geometry for these specimens are listed in Tables 2.2, 2.3, and 2.4. Steel
material properties are summarized in Table 2.5.
Behavior of the repaired specimens was evaluated in the same manner as that for the
non-repaired tests, namely the axial load-shortening response, growth in dent-depth,
lateral displacement response, and longitudinal strain history in the damaged region are
discussed.
3.2.1. Test Series 5 - O.15D Dent-Depth
Specimen A7 - Specimen A7 modeled an internal grout repaired bracing member having a
nominal D/t ratio of 34.5. Concentric axial load was applied exclusively through the steel
at both ends of the tubular. Inflicted dent-damage was 0.151D in depth, while the
maximum out-of-straightness «)p) measured 0.0019L. The average grout strength on the
day of testing was 5540 psi.
The normalized axial load-shortening response of Specimen A7 is shown in Figure
3._. At 33% of the axial load capacity (Pu) of the specimen, which corresponds to P =
0.30 Py, the response of the specimen began to deviate from the transformed elastic axial
stiffness (Ar'Elf / Py) that was computed based on transformed sections, assuming full-
composite action between the steel tube and the internal grout. In Figure 3.65, Py used to
normalize the axial load (P) is that associated with the yield capacity of the steel section
alone. This definition of Py applies to all of the normalized results for the internal grout
repaired specimens. Initial yield lines in the tubular were observed as well as cracking of
the internal grout first heard at this stage of loading (e.g. P =0.33 Py), indicating that the
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composite action between I the steel and grout was deteriorating or that the grout was
cracking under tensile strains. Continued loading of the specimen resulted in symmetrical
yield lines developing on both sides of the tubular, centered around the dented region.
The longitudinal strain history of the gages around the circumference of the dented cross-
section is shown in Figure 3.66. At the load of P = 0.65 Py, the longitudinal strains on the
east and west faces of the dented cross-section were at about 1300 ).LE, indicating that
yielding was taking place on these sides of the dented cross-section. Dent grqwth at this
,-"
stage was insignificant as shown in Figure 3.67. Midspan lateral deflection of the
specimen continued to grow as the load was increased (see Figure 3.68). At a lateral
defection (8) nearly equal to 0.004L (P =0.85 Py), the yielding of the tubular had spread
longitudinally along the sides of the dented section as well as on the top surface of the
tubular. to a distance of approximately 18 inches from the dent centerline, as shown in
Figure 3.69. Yielding in the dent saddle was also occurring as indicated by the strain gage
readings shown in Figure 3.70.
A peak load of 243 kips (Pu = 0.94 Py) was attained for Specimen A7, at which the
longitudinal strain gages on the bottom surface of the tubular indicated tensile strains
equivalent to the yield strain (see Figure 3.66). Dent growth remained insignificant and
indicated that the grout was preventing the growth of the dent into the cross-section of the
member. Without dent growth, the stabilized dent saddle was able to develop large
compressive strains, as shown in Figure 3.70. Preventing the loss of cross-sectional
properties by inhibiting dent-growth also resulted in the specimen maintaining a larger
120
stiffness to resist second-order lateral deflections, where a 0 of nearly O.006L developed
under the maximum axial applied load.
Further shortening of the specimen beyond the peak load resulted in the distribution
of curvature along the length of the specimen, as shown in Figures 3.71 and 3.72 Heavy
yielding accompanied the curvature, which attenuated longitudinally away from the dent
along the top and side surfaces of the tubular to a distance of 33 inches from the dent
centerline (see Figure 3.73). Smaller yield lines on the sides of the tube began to form a
dense cross-hatch pattern along the entire length of the dented section. Yielding on the
bottom surface was confined to a 24 inch region centered about the dented region. With
continued imposed axial displacement beyond that corresponding to Pu, a local outward
buckle formed in the dent saddle at an axial shortening of !1 = O.0039L. This local buckle
developed on the top surface of the dented section having an approximate wave length of
2.25 inches. Figure 3.74 shows a photograph of the buckles after the specimen was
removed from the test frame.
The peak load of 243 kips which developed in Specimen A7 corresponded to a
capacity that was 5% greater than that for a corresponding non-damaged member,
estimated using the SSRC Column Strength Curve 1. This indicated that the internal
grout repair was successful at restoring the axial capacity of the member to its original no-
damaged strength.
Specimen B7 - Specimen B7 modeled an internal grout repaired bracing member having a
nominal D/t ratio of 46 and subjected to concentric axial loading applied exclusively to the
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steel tubular. Midspan dent-damage measured 0.149D in depth, while maximum out-of-
straightness (Op) was 0.0019L. The average grout strength was 5640 psi on the day of
testing.
The axial load-shortening response shown in Figure 3.75 was linear up to maximum
load, with a slightly smaller stiffness than the transformed elastic stiffness prediction. At
56% of maximum load (P =0.57 Py), the first signs of yielding were visible, south of the
dent and attenuating away from the dent saddle to a distance of 13 inches along the east
and west faces of the tube (see Figure 3.76). The specimen had displaced 0.0014L
downward, with no significant growth in dent-depth as shown in Figure 3.77. As the
applied loading reached the load of P = 0.89 Py, equivalent to 87% of a corresponding
specimen's non-damaged capacity, cracking sounds near the north end of the specimen
were audible, indicating either internal cracking or de-bonding of the grout from the steel
tube. The longitudinal strain history of the strain gages in the dent saddle are shown in
Figure 3.78, and indicated that the north gage was measuring strains that were suggesting
yielding of the tubular steel was occurring in the dented region.
Immediately prior to reaching the peak load, bands of yield lines developed around
the circumference, especially at the top of the steel tubular's cross-section, over a length
from midspan to the south load collar. These yield lines each attenuated approximately 7
inches around the circumference. The top strain gage on the south quarter-span point
measured 1100 IlE confirming than the steel was yielding along the top surface of the tube
near the south end. Several transverse yield lines were also observed near the north end of
the member. Yield lines on the east and west faces of the tube began to fonn a dense
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cross-hatch pattern to both sides of the dent and over a 41 inch segment of the specimen.
Longitudinal strain readings on the east and west faces of the tubular in the dented region
also indicated that the steel tube was yielding in the dented region (see Figure 3.79).
At the peak load of 211 kips (Pu = 1.02 Py), the midspan lateral deflection of the
specimen was approximately 0.0044L without any significant growth in dent-depth, as
shown in Figures 3.80. As in repaired Specimen A7, the internal grout successfully
resisted the growth of the dent into the member's cross-section. The lateral displacement
profile of the specimen shown in Figure 3.81 indicated that a distribution of curvature
along the length of the specimen had developed in which no concentration existed at the
dent.
Continued axial shortening resulted in deterioration of the axial capacity of the
member as well as pronounced yielding in the dent. This yielding was especially severe
around the southern edges of the dent saddle, as shown in Figure 3.82. The formation of
an outward local buckle occurred in this plastified section of Specimen B7 at an axial
shortening of !J. =0.0022L (see Figure 3.83). The local buckle was observed in the south
side of the dent saddle with a half wavelength of 3 inches, as shown after the completion
of testing in Figure 3.84. Yielding was also observed along the bottom surface of the
specimen, eventually spreading 17 inches to both sides of midspan. A photograph of
Specimen B7 after testing is shown in Figure 3.85.
The peak load of 211 kips which developed in Specimen B7 corresponded to a
capacity that was 15% greater than that for a corresponding non-damaged member, as
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estimated using the SSRC Column Strength Curve 1. This indicated that the internal
grout repair was successful at restoring the non-damaged axial capacity of the m~mber.
Specimen B7-a - Specimen B7-a was an internal grout repaired member with a nominal
D/t ratio of 46. The specimen was internally greased to evaluate whether a reduction in
bond action between the steel tubular and grout would influence the effectiveness of the
v
internal grout repair at restoring original design capacity. The dent-damage of the
specimen measured 0.150D in depth and the out-of-straightness (Dp) of the member was
0.0021L. The grout strength was 5970 psi on the day of testing. The bond stress between
the steel tube and grout repair was reduced by 77% from 132 psi to 31 psi based on the
results of the bond tests described previously in Section 2.2.2.5.. Figure 3.86 shows the
specimen in the test set-up prior to testing.
Figure 3.87 shows that the axial load-shortening response of Specimen B7-a was
linear up to about 40% of the maximum load, at which the first visible signs of yielding
were observed and a gradual softening in axial stiffness occurred. This yielding initiated at
the top of the tube near the crest of the dent saddle and spread along the east and west
faces of the tube to a distance of 13 inches away from the dent centerline. This yielding
became more pronounced and spread to 18 inches south and 25 inches north of the dent
centerline, as shown in Figure 3.88. Cracking sounds inside the grouted tubular were first
heard at a load of 0.67 Py, which corresponded to 0.70% of Pu, as the yielding of the steel
on either side of the dented region grew. At this stage of loading, longitudinal strain
gages on the east and west faces of the dented cross-section measured strains which
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approached 1100/1£, the approximate yield strain of the tubular, as shown in Figure 3.89.
Dent-depth growth remained negligible, as shown in Figure 3.90, as the lateral
displacement of the specimen at midspan shown in Figure 3.91 was approached O.OOIL.
Prior to reaching the peak load, the cracking sounds inside the tubular became more
frequent and were accompanied by noticeable reductions in axial and lateral stiffness.
At the peak load of 203 kips (Pu =0.96 Py), the lateral displacement of the specimen
at midspan was about 0.004L without any significant dent-depth growth or ovalization of
the damaged section. By inhibiting dent growth, the grout within the damaged cross-
section prevented a degradation and loss of capacity that occurred in non-repaired
specimens. Yielding on the top of the tube surrounding the dent saddle and at the ends of
the dent fold was observed to be especially heavy on the northern side of the damaged
region. Figure 3.92 displays the strain history inside the dent saddle and shows that the
north saddle strains were beyond yield at peak load. Yielding was not observed on the
bottom surface of the tube at the peak load, as strains measured in this area were
undergoing strain reversal from compression to tension as shown in Figure 3.89.
Continued axial shortening after ultimate load resulted in continued audible cracking
sounds. Load shedding was gradual, although small sudden drops in load were associated
with the cracking of the grout. At 63% of Pu in the post-ultimate range, an outward local
buckle with a half-wavelength of 3.25 inches, shown in Figure 3.93, formed in the north
side of the dent saddle along the top surface of the tubular in an area of heavy
plastification. This buckling occurred at an axial shortening of L1 =0.0050L. Eventually,
yielding also developed on the bottom surface of the tube at midspan over a distance of 4
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inches to the south and 14 inches to the north as the lateral displacements of the specimen
became pronounced. Figure 3.94 shows the lateral displacement profile of the member at
various stages of loading and indicates a generally even distribution of curvature to the
load of 0.75 Pu in the post-ultimate range.
The maximum load of 203 kips reached by Specimen B7-a was 11% above that
estimated by the SSRC Column Curve 1, and was only 4% less than the capacity attained
by Specimen B7. This indicated that a reduction in the bond-action between the steel
tubular and the grout repair had minimal influence on the effectiveness of the repair at
restoring the non-damaged axial capacity of the member.
Specimen B7-b - Specimen B7-b represented an internally grout repaired member having
a nominal D/t ratio of 46 and possessing a comparatively low grout compressive strength,
being 56% less than that of Specimen B7. The dent-damage of Specimen B7-b measured
0.149D in depth and the global out-of-straightness (Dp) was 0.0022L. The grout strength
was 2510 psi on the day of testing.
The load-shortening response of Specimen B7-b, shown in Figure 3.95, has a
smaller axial stiffness than that of Specimen B7. At 53% of the maximum load Pu,
corresponding to P = 0.47 Py, the first visible yield lines formed on the north side of the
dent over a distance of 12 inches from the center of the dent saddle. Initial cracking
sounds north of the dent centerline was also audible at this stage of loading. By the time
the load reached 79% of Pu (P = 0.70 Py), the initial yield pattern had grown and was
symmetrical, as shown in Figure 3.96, attenuating longitudinally along a distance of 16
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inches to both sides of the dent centerline. The history of the longitudinal strain gages
located at the east and west sides of the steel tubular in the dented region are shown in
Figure 3.97. At the axial load of P = 0.70 Py, these longitudinal strains measured
compressive strains equal to approximately the yield strain, indicating that the flow of
compressive stress around the dented region was causing yielding of the steel at the ends
of the dent fold. Longitudinal strains within the dent saddle shown in Figure 3.98 were
less than those recorded on the east and west sides of the dented section a{j:d indicated that
the primary flow of compressive strain was passing around the sides of the dent. At P =
0.70 Py, the lateral displacement of the specimen at midspan had also increased to
0.0020L, as shown in Figure 3.99, with very little growth in dent depth (see Figure 3.100).
With a further increase in axial load, Figure 3.99 indicates that the lateral stiffness of the
member had begun to deteriorate prior to ultimate load.
At the maximum load of 183 kips, corresponding to Pu =0.89 Py, the yielding on the
east and west sides of the tubular at the dented region had intensified and spread
longitudinally over a length of 14 inches to both sides of the centerline of the dent. Strains
on the east and west sides of the tubular were equal to twice the yield strain, indicating
that plastification around the dent was continuing to take place. Strain gages on the
bottom surface of the tubular at the dent were indicating that tensile strains were just
below yield and increasing to accommodated the shift in the neutral axis of the section.
Imposing axial shortening of Specimen B7-b following ultimate load continued to
increase the amount of compressive yielding in the region of the dent saddle, as shown in
Figure 3.101. Load shedding was gradual with occasional sudden drops in capacity
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associated with internal cracking of the grout. Yielding was noted on the bottom surface
of the tubular directly opposite the dent just after peak load was reached. The lateral
displacement profile of the specimen at selected levels of axial load is shown in Figure
3.102. Large increases in lateral displacement due to continued axial shortening resulted
in heavy plastification of the dented region and the formation of a local buckle in the south
side of the dent saddle due to instabilities associated with high compressive strains. This
local buckle developed at an axial shortening of /::;. = 0.0109L, and had a half-wavelength
of 3 inches by the end of the test. A photograph of the local buckle after the test is shown
in Figure 3.103.
The maximum load of 183 kips developed by Specimen B7-b was equal to the non-
damaged capacity estimated by the use of the SSRC Column Curve I and 15% less than
the capacity of Specimen B7. This indicated that a reduction in the grout strength of the
repair did not significantly diminish the effectiveness of the repair at restoring the non-
damaged axial capacity of the member, despite the reductions in axial and lateral stiffness.
Specimen C7 - Specimen C7 modeled an internal grout repaired bracing member having a
nominal D/t ratio of 69. Concentric axial load was applied exclusively through the steel of
the tubular at both ends. Inflicted dent-damage was 0.147D in depth, while maximum
out-of-straightness (Dp) measured 0.00 I9L. The average grout strength on the day of
testing was 6400 psi.
The normalized axial load-shortening response of Specimen C7 shown in Figure
3.104 deviated from the theoretical transformed elastic axial stiffness at approximately
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0.55% of the ultimate load, corresponding to P = 0.45 Py, at which the first audible
cracking of the grout was heard. The axial and lateral stiffness of Specimen C7 both
began to deteriorate as the axial load increased, however the dent-depth growth was
completely restrained up to the attainment of ultimate load as shown in Figure 3.105.
Lateral displacements of the m~mber at midspan continued to increase as the lateral
stiffness decreased, as shown in Figure 3.106. A photograph of Specimen C7 just prior to
reaching ultimate load, is shown in Figure 3.107, where the global bending of the member
due to increasing second-order effects is quite noticeable.
Upon reaching the ultimate load of 111 kips (Pu =0.82 Py), the midspan deflection
of the specimen was nearly 0.0035L. Figure 3.108 shows the history of measured
longitudinal strains from the strain gages placed around the circumference of the dented,
section where the development of tensile strains on the bottom surface of the tubular and
high compression strains beyond yield on the east and west sides of the dented section
indicate that large second-order bending stresses were occurring in the cross-section.
Failure of the member was extremely ductile as load was gradually shed with increased
axially applied shortening. The growth in dent-depth slowly increased after peak load, but
remained restricted from growing by the internal grout at rates previously observed on the
non-repaired specimens.
As the axial shortening was applied beyond the ultimate load, longitudinal strains on
the northern side of the dent saddle began to slowly unload, while those in the southern
side of the dent saddle continued to increase, developing large compressive strains as
shown in Figure 3.109. Cracking occurring in the grout resulted in increases in both
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shortening and lateral deflection, with a decline in axial load capacity. Figure 3.110 shows
the lateral displacement profile of the specimen, where beyond ultimate load a greater
concentration of curvature is shown to occur in the dent, showing evidence that
plastification of the dented section was occurring. The formation of a local buckle
occurred in the dent saddle at an axial shortening of!1 =0.0152L. Figures 3.111(a) and
(b) show photographs of the local buckle near the end of testing.
The maximum load of 111 kips developed by Specimen C7 was approximately 10%
less than the non-damaged capacity estimated using the SSRC Column Curve 1. This
indicated that the internal grout repair was marginally successful by only partially restoring
the axial capacity of this dent-damaged specimen to its non-damaged strength.
3.2.2. Test Series 6 . O.30D Dent.Depth
Specimen A9 - Specimen A9 resembled an internal grout repaired bracing member having
a nominal D/t ratio of 34.5. Concentric axial load was applied exclusively through the
steel of the tubular at both ends. Inflicted dent-damage was 0.297D in depth, while
maximum out-of-straightness (Dp) measured 0.0094L. The average grout strength on the
day of testing was 5380 psi.
Figure 3.112 shows the axial load-shortening response of Specimen A9, where the
initial ascending portion of the response curve is in good agreement with the theoretical
transformed axial stiffness for an non-damaged member with similar geometry. The
response curve became softer than this initial stiffness as the applied axial load reached
0.27% of the squash load (Py) of the steel tubular. The lateral stiffness of Specimen A9,
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shown in Figure 3.113, is initially smaller relative to the other repaired specimens of with
dent-damage of less depth, and it is seen and to have rapidly deteriorated from the start of
the test. This deterioration was a result of the severe deformation of the dented cross-
section, where a significant eccentricity between the axis of loading and the neutral axis at
the dented section existed. The eccentricity at the dent, the initial out-of-straightness of
the specimen, and the growing lateral deflection all combined to cause an increase in the
amount of bending stresses developed within the section under the applied axial load. The
longitudinal strain history around the circumference of the damaged section is shown in
Figure 3.114, and indicates that tensile strains had developed on the bottom surface of the
tubular from the onset of testing due to bending stresses generated from second-order
effects. Cracking of the internal grout was audible prior to failure when the lateral
displacements exceeded 0.004L.
At the maximum load of 139 kips (Pu = 0.56 Py), the lateral deflection of the
member were nearly 0.007L. Figure 3.115 shows a photograph of the specimen at
ultimate load, where the lateral deflection of the specimen can be noted. Growth in derit-
depth was insignificant, being arrested by the grout as shown in Figure 3.116. Strains in
the dent saddle were at or above the yield strain, as shown in Figure 3.117, indicating that
plastification of the section was beginning to take place. The lateral displacement profile,
shown in Figure 3.118, indicates that a concentration of curvature in the dented region had
developed at peak load, and beyond, due to the plastification of the dented cross-section.
Flaking of the applied white wash was not observed at this stage of loading despite other
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indications that yielding in the dented section was taking place, due in part to the lack of
mill scale on the outer surface of the tubular.
Axial shortening of the member beyond the failure load resulted in the formation of
two outward bulges in the dent saddle. Figure 3.199 shows a photograph of these bulges
at the conclusion of the test. These bulges formed as a result of the high compressive
strains that had developed in the dent under the extreme lateral deflection of the specimen
compressing the top surface of the tubular (see Figure 3.120).
The maximum load of 139 kips developed by Specimen A9 was 4 I % less than the
non-damaged capacity estimated using the SSRC Column Curve 1. This indicated that the
repair was not successful at restoring the axial capacity of this dent-damaged specimen to
its original non-damaged strength.
Specimen C9 - Specimen C9 modeled an internal grout repaired bracing member having a
nominal Dft ratio of 69. Inflicted dent-damage was 0.300D in depth, while maximum out-
of-straightness (op) measured 0.0059L. The average grout strength on the day of testing
was 6000 psi.
The normalized axial load-shortening curve for Specimen C9 had begun to go non-
linear at an applied load of 43% of the peak load (Pu), corresponding to P = 0.25 Py, as
shown in Figure 3. 121. This loading corresponded to the first audible cracking sounds
from the grout. Continued loading increased the frequency of cracking as the lateral
stiffness of the member, resulting in larger lateral deflections, as shown in Figure 3. 122,
deteriorated. At 75% of Pu (P = 0.43 Py), the midspan lateral displacement was
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approximately 0.003L. Longitudinal strains around the circumference of the dented cross-
section from the onset of testing showed tensile strain development on the bottom surface
of the tube, indicating that bending of the section was taking place (see Figure 3.123).
Immediately prior to the applied axial load reaching Pu, cracking of the grout was
accompanied by sudden increases of axial shortening and lateral deflection.
At the ultimate load of 81 kips, corresponding to Pu =0.57 Py, the midspan lateral
deflection of the specimen was about 0.008L. Figure 3.124 shows a photograph of the
specimen immediately before the peak load was reached, where the lateral bending is quite
prominent. Like Specimen A9, the dented cross-section with a nominal depth of 0.30D
had such a reduction in the section properties of Specimen C9 that internal grouting only
r
served to prevent dent-growth at seen in Figure 3.125. Yielding at the bottom of the
dented cross-section and in the dent saddle was observed at ultimate load and consistent
with recorded longitudinal strains shown in Figures 3.123 and 3.126.
Continued axial shortening of the specimen resulted in extreme lateral deflections as
shown by the lateral displacement profile in Figure 3.127 and the photograph in Figure
3.128. In the region of concentrated curvature at midspan shown in both of these figures,
a local buckle across the southern side of the dent saddle developed, as shown in Figure
3.129. Load shedding was gradual and ductile behavior was observed. Cracking of the
internal grout continued to be heard with increasing frequency as the midspan deflection
reached 0.02L. At 50% of Pu in the post-ultimate range, the test was discontinued when a
small through-thickness tearing of the bottom surface of the tubular occurred opposite of
the dent, due to excessive tensile straining.
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The maximum load of 81 kips developed by Specimen C9 was approximately 36%
less than the non-damaged capacity estimated using the SSRC Column Curve 1. This
indicated that the repair was successful at only increasing the axial capacity of the dent-
damaged member to a level well below the original capacity.
3.2.3. Summary of Behavior for Damaged, Internal Grout Repaired Specimens
Internal grout repair significantly improved the load carrying capacity of all of the
specimens tested through the prevention of further dent growth. The grout supported the
dented section, thus eliminating this mechanism of failure. The specimens developed their
peak load as the steel wall yielded in the dent saddle and along the compression surface
along the top of the tubular, followed by yielding of the tubular on the bottom face of the
dented cross-section. Specimens with a nominal dd = O.15D saw restoration of their
capacity to levels approximately equal to that of corresponding non-damaged members.
Specimens with deeper nominal dent-damage of dd = O.30D failed before their respective
non-damaged capacities were achieved due to a premature yielding of the dented section
caused by second-order bending stresses. Severe reductions in the cross-sectional
properties of the dented tubulars with dd = 0.30D lowered the lateral stiffness of the
specimen, resulting in large lateral displacements and to bending stresses to develop in the
dented region. All of the specimens developed an outward local buckle in the dent saddle
during post-ultimate load response, when lateral displacements were large. Post-ultimate
behavior of these specimens was characterized by gradual load shedding and reasonably
ductile response at large axial shortening.
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137
INTENTIONAL SECOND EXPOSURE
u
()
N
1,00 -,-------------------------,
""!l.
---!l. 0,75
U
G
o
~
rc
x 0,50
«
,/
§ I
0,25 !i
C 1/
Z
o-i;---c--,----.-----.---.------,---.------,.--,----.---,----11
o 0,005 0.Q1 0 0,015
[\jmmalized Midspan In-Plane Deflection, oiL
Fi~Jure 3.4 - Axial Load-iv1idspan Defelection Response of Specimen C l-a
\
\ ';
Figure 35 - Yielding Around Dented Region Prior to Ultimate load
137
2000
O-l---.,-.....,...ro.. .....,..--.,.---.--l_..,.......,.......,.- &..r-...,.......-f
-2000 -1000 0 1000
Midspan Longitudinal Strains·(/-1£)
Figure 3.6 - Strain History Around Circumference ofDented Cross-Section of
Specimen C1-a
1.00
Gages at Dented ----...
>.
Cross-section I WI IE
c-
---c- 0.75
"'0 I
ro Bottom (B) •0
.....J 1\ B"'0
.Q2
0. 0.50
0.
«
"'0
Q)
.!:::!
ro 0.25E
0
Z Yield Strain
1.00 -..--------------,-------r-------,
>.
c-
o: 0.75
-0
ro
0
.....J
"'0
.Q2
a. 0.50
0.
«
"'0
Q)
.!:::!
ro 0.25E
0
z
o-l-'"'I-..,...."'I""'-......,....,...~~:.a,.~_.,.__,........._,._4_--r-..,___r__l
-4000 -3000 -2000 -1000 0 1000
Dent Saddle Strains (/-1£)
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Figure 3 S - Deflection Profile of Specimen C1-a After Failure, P = 031 P,
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Figure 3.10 - Dent Growth and Ovalization of Dented Cross-Section Leading to
Formation of a Plastic Hinge
Figure 3.11 - Deflection Profile of Specimen Cl-a Upon Completion of Test
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Fi~'lre 3.1 () - Dent Growth and Ovalization of Dented Cross-Section Leading to
Formation of a Plastic Hinge
Figure 3.11 - Detlection Profile of Specimen C I-a Upon Completion of Test
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Figure 3.18 - Yielding and Plastification the Dented Section of Specimen A6,
P = 0.12 Py(Post-Ultimate)
Figure 3.19 - Ovalization of the Dented Section Following Failure of Specimen A6,
P =0.06 Py(Post-Ultimate)
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Figure 3.1 S - Yielding and Plastification the Dented Section of Specirnen A6,
P =0.12 Py (PostcUltirnate)
Figure 3.19 - 0\ Jlization of the Dented Section Follmving FJilure of Specimen A6.
P = 0.06 P v (Post-Ultimate)
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Figure 3.21 - Normalized Dent Growth of Specimen B6
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Figure 3.23 - Yield Lines Lines Developed in the Dented Section of Specimen B6
Prior to Ultimate Load, P =0.45 Py
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Figure 323 - Yield Lines Lines Developed in the Dented Section of Specimen B6
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Figure 3.28 - Deformed Shape of Specimen B6 Near Completion of Test
Figure 3.29 - Specimen C6 Installed in Test Frame Prior to Application of Load
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Figure 3.31 - Axial Load-Midspan Deflection Response of Specimen C6
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Figure 3.33 - Normalized Dent Growth of Specimen C6
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Figure 3.34 - Yield Lines Developed in the Dented Cross-Section of
Specimen C6 Prior to Ultimate Load, P = 0.49 Py
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Figure 3.34 - Yield Lines Developed in the Dented Cross-Section of
Specimen C6 Prior to Ultimate Load, P = 0.49 Py
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Figure 3.38 - Dent Growth and Ovalization of the Dented Section of Specimen C6 Upon
Completion of Testing
Figure 3.39 - Specimen B17 Installed in Test Frame Prior to Application of Load
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Figure 3.33 - Dent Growth an~ Ovalization of the Dented Section of Specimen C6 Upon
Completion of Testing
Fig1Jre 339 - Specimen B 17 Installed in Test Frame Prior to Application of Load
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Figure 3.40 - Normalized Axial Load-Shortening Response of SpecimenB17
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Figure 3.41 - Normalized Dent Growth of Specimen B17
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Figure 3.42 - Axial Load-Midspan Def.lection Response of Specimen B17
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Figure 3.44 - ,Strain History Inside Dent Saddle of Specimen B17
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Figure 3.46 - Deformed Shape of Specimen B17 Near Completion of Test
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Figure 3,46 - Deformed Shape of Specimen B 17 Near Completion of Test
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Figure 3.47 - Normalized Axial Load-Shortening Response of Specimen A8
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Figure 3.48 - Normalized Dent Growth of Specimen A8
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Figure 3.49 - Axial Load-:Midspan Deflection Response of Specimen A8
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SpecimenA8
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Figure 3.51 - Strain History Inside Dent Saddle of Specimen A8
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Figure 3.52 - Measured Lateral Displacements of Specimen A8 at Various Stages
ofLoading
Ji
a5. 0.00 ....... .-:--::--~----__4_---_I_------_=_= ....
E
Q)
(,)
ttl
0-
i5 -0.01
Q)
c
ttl
a..
I
c~ -0.02
Q)
.!::!
ttl
E
~ -0.03 -+----.----.--.---.,....__._----,r--~.,....__._-r___r___r___,_-r___.____l
0.00
0.01-.----------------------.
~
161
Figure 3.53 - Yield Lines Developed in the Dented Section of Specimen A8 Prior to
Ultimate Load, P =0.25 Py
•
Figure 3.54 - Dent Growth and Ovalization of the Dented Section of Specimen A8 Near
Completion of Testing
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Figure 3.53 - Yield Lines Developed in the Dented Section of Specimen AS Prior to
Ultimate Load. P =0.25 Py
.=~~.
Figure 3.54 - Dent Growth and Ovalization of the Dented Section of Specimen AS Near
Completion of Testing
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Figure 3.55 - Deformed Shape of Specimen AS Near Completion of Test
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Figure 3.55 - Deformed Shape of Specimen AS Near Completion of Test
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Figure 3.56 - Nonnalized Axial Load-Shortening Response of Specimen C8
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Figure 3.57 - Nonnalized Dent Growth of Specimen C8
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Figure 3.58 - Axial Load-Mdspan Deflection Response of Specimen C8
Figure 3.59 - Lateral Deflection of Specimen C8 Prior to Ultimate Load,
P =0.23 Py
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Figure 3.61 - Strain History Inside Dent Saddle of Specimen C8
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Figure 3.62 - Dent Growth and Ovalization of the Dented Section of Specimen C8
After Failure, P = 0.12 Py
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Figure 3.63 - Measured Lateral Displacements of Specimen C8 at Various Stages
ofLoading
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Figure 3.62 - Dent Growth and Ovalization of the Dented Section of Specimen C8
After Failure, P = 0.12 Py
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Figure 3.64 - Deformed Shape of Specimen C8 Upon Completion of Test
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Figure 3.65 - Normalized Axial Load-Shortening Response of Specimen A7
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Figure 3.67.- Normalized Dent Growth of Specimen A7
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Figure 3.69 - Local Yielding in the Dented Section of Specimen A7, P = 0.85 Py
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Figure 3.70 - Strain Hist~ry Inside Dent Saddle of Specimen A7
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Figure 3.69 - Local Yielding in the Dented Section of Specimen A7, P = 085 Py
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Figure 3.73 - Extensive Yielding in Dented Region of Specimen A7 Near Completion of
Test, P = 0.23 Py(Post-Ultimate)
Figure 3.74 - Outward Local Buckle in Dented Region of Specimen A7 Upon Completion
of Test, Facing East Side
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Figure 3.77 - Normalized Dent Growth of Specimen B7
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Figure 3.78 - Strain History Inside Dent Saddle of Specimen B7
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Figure 3.79 - Strain History at Midspan Dent of Specimen B7
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Figure 3.80 - Axial Load-:Midspan Defelection Response ofSpecimen B7
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Figure 3.81 - Measured Lateral Displacements of Specimen B7 at Various Stages
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Figure 3.82 - Extensive xlelding in Dented Region of Specimen B7 Near
Completion of Test, P = 0.31 Py (post-Ultimate)
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Figure 3.83 - Close-up View of Yielding in and Around Dented Region of Specimen B7
Near Completion of Test, P =0.31 Py(Post-Ultimate)
Figure 3.84 - Outward Local Buckle in Dented Region of Specimen B7 Upon Completion
of Test, Facing East Side
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figure 3.83 - Close-up View of Yielding in and Around Dented Region of Specimen B7
Near Completion of Test, P =0.31 Py (Post-Ultimate)
Figure 3.8-1- - Outward Local Buckle in Dented Region of Specimen B7 Cpon Completion
of Test facing East Side
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Figure 3.85 - Defonned Shape of Specimen B7 Upon Completion of Test
Figure 3.86 - Specimen B7-a Installed in Test Frame Prior to Application of Load
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Figure 3.85 - Defolllled Shape of Specimen B7 Upon Completion of Test
Figure 3.86 - Specimen B7-a Installed in Test Frame Prior to Applicltion of LO~ld
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Figure 3.87 - Normalized Axial Load-Shortening Response of Specimen B7-a
Figure 3.88 - Yield Lines Developed Along the South Side of Specimen B7-a
Prior to Ultimate Load, P =0.66 Py
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Figure 3.90 - Normalized Dent Growth ofSpecimenB7-a
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Figure 3.91 - Axial Load-:Midspan Deflection Response of Specimen B7-a
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Figure 3.92 - Strain History Inside Dent Saddle ofSpecimen B7-a
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Figure 3.95 - Normalized Axial Load-Shortening Response ofSpecimenB7-b
Figure 3.96 - Yield Unes Developed in the Dented Region ofSpecimenB7-b
Prior to Ultimate Load, P =0.61 Py
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Figure 3.98 - StrainHistory Inside Dent Saddle of SpecimenB7-b
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Figure 3.99 - Axial Load-WdspanDeflectionResponse of Specimen B7-b
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Figure 3.101 - Extensive Yielding in Dented Region of Specimen B7-b Near
Completion otTest, P = 0,31 P (post-Ultimate)
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Figure 3.111 - (a) Top View and (b) Profile View of Outward Local Buckle in Dented
Region of Specimen C7 Upon Completion of Test
193
INTENTIONAL SECOND EXPOSURE
(al
(b)
Figure 3.11 I - (a) Top View ,md (bl Profile View of Outward Local Buckle in Dented
Region of Specimen C7 Upon Completion of Test
193
1.00-r------------------.......
0..>-
0::: 0.75
-g
.3
CU
~ 0.50
"'0
Q)
.!:::!
CU'
E 0.25
o
z
Etr Ar.r Transformed Elastic
Py Stiffness
Olt = 34.5
dd = 0.300
P = 247 kipsy
0.0150.005 0.010
Normalized Axial Shortening, ML
O-+--r----r-"'T"""""---,.-...,----.-.......,...-.,..-----,r----r-"'T"""""--1
o
Figure 3.112 - Normalized AxiaJ. Load-Shortening Response of Specimen A9
1.00
>-
a..
--- 0.75a..
-0
cu
0
.....J
cu
'x 0.50
<I:
"'0
Q)
.!:::!
cu
E 0.25...0
z
0.0150.0100.005
O-+---,,...-...,----.-........,..--.--,.--.....,--"'T"""""--,--,---r---;
o
Normalized Midspan In-Plane Deflection, OiL
Figure 3.113 - Axial load-Midspan Def.lecnon Response of Specimen A9
194
1.00
I Gages at Dented
I Cross-section>-
0... I
--0... 0.75 I
-0 West (W) I WI IEco J. I0.....J I"0Q)
Q. 0.50 •
Cl. I
c::( I
"0
"
IQ)
.~
co 0.25
Bottom (B)
E .
..... I0
z I
I
o I
-2000 -1000 a 1000 2000
Midspan Longitudinal Strains (~E)
Figure 3.114 - Strain History Ar0l:lld Circumference ofDented Cross-Section of
SpecimenA9
.~._.. -
. .: ..-.--~ .•..~
- ' ~."_.." ~ -_.. '--.-
. ,-~.-
..-~t~~~~~ -
Figure 3.115 - Displaced Shape of Specimen A9 Irrnnediately Prior to Ultimate
Capacity, P =0.55 Py
195
INTENTIONAL SECOND EXPOSURE
20001000
1
I
"'-I
Bottom (B)
o-1000
E2st (E) I
I
I
Yo---,,~-:-----,_~:""-'-_--,----,--_-;--~_,..---:-----,_--,--...L...:,_...,.----;---J
-2000
1.00
I Gages at Dented
I Cross-section
I
0.75 IWest (W) I W. liEJA II
0.50 ...
>-
0....
0::
LJ
cD
o
.-J
LJ
Cl.l
0..
0..
«
u
Cl.l
.r::!
C\iE 0.25
o
z
Midsp2.n Longitudin2.\ Str2.ins (lJ.E)
Fig'JIe 3.114 - Strain History Around Circumference of Dented Cr'oss-Section of
Specimen A9
J....J.. '1'.-.-,~.-
"
Fig'JIe 3115 - Displaced Shape of Specimen A9 Immediately Prior to Ultimate
Capacity, P = 0.55 Py
195
1.00
>.
0-
---
0.75-0-
-g
0
.....J
~
'x 0.50-
c:(
"0
Q)
.!:::!
~ ~E 0.25-....
0
z
0.50
o-t--......-...,I--,r------,Ir------,r------,Ir---,--~I-~---l
o 0.10 0.20 0.30 0040
Normalized Dent Growth, diD
Figtn"e 3:116 - Normalized Dent Growth of Specimen A9
1.00
>.
0-
---
0- 0.75 I
-0
~ South
0 I I.....J"0.~
0- 0.50 I0-
<t: ..... , .. I"0 ) ... ~Q)
.~ IcuE 0.25 North
....
0 Iz
0
-4000 -3000 -2000 -1000 0 1000
Dent Saddle Strains (IlE)
Figtn"e 3.117 - Strain History Inside Dent Saddle of Specimen A9
196
0.01-,---------------------,
0.75 Pmax
1.00
•, ./
. /; ., . /.., ...........................
0.75 Pmax
(Post-Pmax)
0.25 0.50 0.75
Normalized Distance Along Specimen, xJL
Figure 3.118 - Measured Lateral Displacements of Specimen A9 at Various
Stages ofLoading
en
-~ 0.00 __....--:-::-----..l,------I-~-----,----"'=~
E
Q)
o
~
0-
U)
is -0.01
Q)
c
eu
CL
I
C
;; -0.02
Q)
.~
eu
E
~ -0.03 +-_._---,,.--_.___._~-.,.....-_r__.____,,.--..,.___,____,-_.___.__,..__l
0.00
Figure 3.119 - Outward Local Buckle in the Dented Section of Specimen A9
Upon Completion ofTesting
197
INTENTIONAL SECOND EXPOSUR'e
0.01 ,--------------~-----____,
1.00
/
0.75 Pmax
0.25 0.50 0.75
~jormalized Distance Along Specimen, xlL
Figure 3.118 - Me3.sured Lateral DisplaceJJ:1ents of SpeCiJJ:1ell A9 at Various
Stages ofLoading
~
x
UQ
.!:Q
~ 0.00 ~IIIE':""';--;-=------',,___---___r~-----___,,=....l
E
Q)
u
CD
cs..
UJo -0.01
Q)
c
cD
0,-
C
:; -0.02
Q)
N
CD
E
~ -0.03 -rj-...,----r--,.---.--..-...---.--.--r--..-...---.----,,----r---r--l
0.00
Figure 3.119 - Ourward Local Buckle in the Dented Section ofSpecim.enl\..9
L1Jon Completion of Testing
197
~.~~-~.
Figure 3.120 - Deformed Shape of Specimen A9 Upon Completion of Test
198
....10',.
INTENTIONAL SECOND EXPOSURE
Figure 3.120 - Deformed Shape of Specimen A9 Upon Con;pietion of Test-
198
1.00.,---------------~---..,
>-G:: 0.75
a..
-g
.3
Cii 0.50
~
"'0
Q)
.!::!§ 0.25
o
z
Transformed
Elastic Stiffness
/'" P =0.57P¥ u y
Olt = 69
dd = 0.300
P = 143 kipsy
0.0150.005 0.010
Normalized Axial Shortening, ML
0-f--r----r--r--....------T-"""'T""-.....---.---r---r-----,.----1
o
Figure 3.121 - Normalized Axial Load-Shortening Response of Specimen C9
0.0150.005 -0.010
Normalized Midspan In-Plane Deflection, OIL
0-1----,,----,--,----.--,--,-----.-....--,-----.-..-----1
o
1.00
>-a..
.......
a..
-0 0.75(lJ
0
...J
(lJ
~ 0.50
"'0
Q)
.!::!
(lJ
E
0 0.25z
Figure 3.122 - Axial Load-Midspan DeflectionResponse of Specimen C9
199
1.00
I Gages at Dented I
I Cross-section I
>-Q:: I I
0- 0.75 I I .
"0 I WI IE Ittl
0 East (E) I
-l
"0 \: I.~ •0.. 0.50
-••- -til B I0-
« r I"0 IQ).~
West (W) : Im
E 0.25 I
0 I Bottom (B)· I
z I Yield Strain I
1/ I
0
-2000 -1000 0 1000 2000
Midspan Longitudinal Strains (11£)
Figure 3.123 - Strain History Ar~:lUnd Circumference ofDented Cross-Section of
SpecimenC9
Figure 3.124 - Displaced Shape of Specimen C9 Immediately Prior to Ultimate
Load, P =0.56 Py
200
INTENTIONAL SECOND EXPOSURE
1.00
-, ""
Gages at Dented I
Cross-section I
>-
0- I
---0.... 0.75 I
"D WI IE Ieu
0 I
-.J
"D I
(J)
0- 0.50
0-
«
"D
(J)
N
cu 0.25E
0
z
0 I
-2000 -1000 0 1000 2000
Midspan Longitudinal Strains (flE)
Figure 3.123 - Strain History AroW1d Circumference of Dented Cross-Section of
Specimen C9
Figure 3.124 - Displaced Shape of Specimen C9 Immediately Prior to Ultimate
Load, P = 0.56 Py
200
1.00.,--------------------.
0...>-
a: 0.75-
-g
.3~ f\~ 0.50-
1
\
.!:::!
~
E 0.25-
oz .,
0.50
o+--""'T"'""--'.---'---'T"'-.-""'T"'""--,.---.---.,r---r---r---l
o 0.10 0.20 0.30 0.40
Normalized Dent Growth, dclD
Figure 3.125 - Normalized Dent Growth of Specimen C9
1.00 -r------------'----'---.-----....,.------,
1000o
-3000 -2000 -1000
Dent Saddle Strains (Ile)
Figure 3.126 - StrainHistory Inside Dent Saddle of Specimen C9
201
I
I
I
I
I North I
I I. I~,...-...~-:...""""--"-~' Southr .. ~
.-J\ ..,( I
,;.
, I I
,.. '
: \"' I' I
' I,
I I I\ I
; I
..o+--,.....--,.....--r--r-.:,-.-...-...----.--r--r-T---..--.---.-"""--+-"""-,,,,,-....,..-J
-4000
>-~
-0 0.75
~
.3
"0Q)
'§: 0.50
<t:
"0
Q)
.!:::!
CiiE 0.25
o
z
0.01.------:-----------------.
1.00
/
•
/
•/
/
0.75 Pmax~max
0.25 0.50 0.75
Normalized Distance Along Specimen, x/L
"t'·,
0.75 Pmax
(Post-Pmax)
~
"'"><
t.O
ui
CQ) 0.00 ..,..!!"'&-;-:--------\------:l---------::=~
E
Q)
C,)
co
a.
Ulis -0.01
Q)
c:
co
Cl..
I
c:
"0 -0.02
Q)
.~
co
E
....
~ -0.03 -;---,--,-.,.--,-----r-,---r----r-...-----r---,--,---r---,----,,...---l
0.00
Figure 3.110 - Measured Lateral Displacements of Specimen C9 atVarious
Stages oftoading
Figure 3.128 - Deformed Shape of Specimen C9 Upon Completion ofTest
202
~NTENTIONAL SECOND ExposuFi'i:
/
/
/
/
0.75 PmaxP
max
0.75 Pmax
(Post-P )max
~x 0.01 1
(,Q
.:!2
~ 0.00~__;-:--:--------'r-----,.-::f---------=~
E ""-,, .. ---11I 11
GJ
U
eel
0-
W
o -0.01
GJ
c
eel
0::::,
c
=-0.02u
GJ
~
eel
E
~ -0 ,03 -11,--------,-----,--.,--,---,-...,.-----,--,--....,--r--r---.,----....,-....,-----,--11
0.00 0.25 0.50 0.75 1.00
~jormalized Distance Along Specimen, x/L
Figure 3.110 - Measured Lateral Displacements of Specimen C9 at Various
Stages ofLoading
Figure 3.12S - Deformed Shape of Specimen C9 Upon Completion of Test
202
- .._~:~:. . - --- .
:=..---- -
- - ..--::-~-.-
....:-.-
~_..._.
Figure 3.129 - Outward Local Buckle in the Dented Section of Specimen C9 Upon
Completion of Testing
203
~ INTENTIONAL SECOND EXPOSURE'"
- - ...
Figure 3.129 - Outward Local Buckle in the Dented Section of Specimen C9 Upon
Completion of Testing
203
CHAPTER 4
ANALYSIS OF EXPERIMENTAL RESULTS
4.1. General
In Chapter 3, observations of the experimental behavior for each of the 14
specimens tested for this experimental program were discussed in detail. In Chapter 4, a
detailed evaluation of the experimental behavior will be presented by analyzing the
measured data from each specimen. The ultimate axial capacity of each specimen is
summarized in Table 4.1. The residual strengths of the non-repaired members are
compared to their original design capacities to evaluate the amount of deterioration in
axial capacity attributed to dent-damage over a range of dent-depths. Ultimate capacities
are also compared between non-repaired and repaired test series to assess the effectiveness
of the internal grout repair at restoring the axial capacity of dented bracing members with
varying degrees of damage. Moment-axial load interaction analyses are used to explain
the failure of the non-repaired and internal grout repaired specimens. Finally, comparisons
are made between the analytical methods presented in Chapter 1 and the experimental
capacities to assess the accuracy of these methods to predict the residual strength and
repaired strengths of the dent-damaged tubular bracing members, as well as their response.
4.2. Moment-Axial Load Interaction
The moment-axial load surface for dent-damaged bracing members was shown in
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Ricles, Gillum, and Lamport [1992] to provide good correlation with the measured force
path of experimentally tested specimens in terms of member capacity. During the testing
of the specimens in this program, data was gathered which enabled the force path of a
specimen to be determined at each step of axial loading in a similar fashion done by Ricles
et al. [1992]. For purposes of comparing the moment-axial interaction theory with the
force path, .the bending moment across the dented section at midspan was computed for
each increment of axial load. This value, which included second order effects and initial
out-of-straightens, was determined from the following expression:
(4.1)
where M is the current moment across the dented section, P is the current axial load, op is
the initial out-of-straightness of the member, and !.l is the current lateral displacement of
the member at midspan. This general formulation was used to derive the experimental
force path for both the damaged and internal grout repaired specimens that are further
discussed in their respective sections below.
4.2.1. Non-repaired Specimens
For comparison of the force path of the non-repaired specimens, plastic hinge theory
was utilized to develop the moment-axial load interaction surface for the steel tubular with
dent-damage. The following relationship developed by Taby et al. [1986] was used to
determine the moment-axial load interaction surface, and is based on full plastification of
the dented section
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~, -cos [~p ~~,.) + ~l + ~sin(a) - ~f,'(cos (a) + 2;) = 0 (42)
where P and M are current axial load and bending moment, respectively. Py is the squash
load and Mp is the fully plastic moment capacity of the non-damaged section. The
parameters (X, 11, and Fpd are related to the dent-depth and are defined in the list of symbols
at the beginning of this report. Mathematical derivations of these damage related
parameter are presented in Taby et al. [1986]. It should be noted that Equation 4.2 is only
valid for members with the dent located on the compressive side of the bending moment
with the axial load in compression. Other expressions for different loading conditions are
provided in Taby et al. [1986].
Figures 4.1 through 4.7 show the experimental force paths of the non-repaired
specimens compared with their moment-axial load interactions surfaces calculated using
the measured specimen dimensions and material properties in conjunction with Equation
4.2. All the specimens reach ultimate capacity at or very near the interaction surface. In
the post-ultimate range, the force path of each specimen is seen to follow the interaction
surface until elastic unloading takes place. The peak load attained by each specimen was
indicated in Chapter 3 to occur after yielding in the dent saddle, with a subsequent large
inward growth in dent-depth. The interaction curve that is based on first yield of the
dented cross-section in order to provide an limit to axial and bending capacity is shown by
these figures to be a good estimate of the residual strength of dent-damaged members.
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4.2.2. Internal Grout Repaired Specimens
The success of the above analysis suggested that it could be carried forward to the
internal grout repaired specimens to see if failure could be described by the moment-axial
load interaction surface for these specimens as well. A fiber analysis technique was
employed to develop the interaction surface using measured material properties. An upper
bound on the strength was established by assuming full composite action between the steel
tubular and the grout. This analysis involves describing the dented cross-section and grout
by several individual fibers, each with its own stress-strain relationship. Measured material
properties and specimen dimensions were used in the analysis. The grout stress-strain
curve shown in Figure 4.8(a) was used, where the compression strength was set at 0.67 f g
to account for the scale effects between the tested grout cube specimens and in-situ grout
repair [Loh, 1991] and to exclude tri-axial confinement effects. A corresponding stress-
strain curve for the steel fibers is· shown in Figure 4.8(b). Assuming plane-sections remain
plane, the stress resultant for moment corresponding to a prescribed level of axial load is
determined. In addition to computing bending moment, the moment-curvature (M-cI»
relationships of the dented, repaired section is determined. The peak moment (M)
corresponding to the M-cI> relationship is used in conjunction with the current axial load
(P) to define a coordinate on the M-P interaction surface. This procedure is repeated for
•
several levels of axial load to generate the complete M-P interaction surface.
Specimen force paths were again determined by Equation 4.1 and plotted against the
developed interaction surfaces. Figures 4.9 through 4.15 show the resulting comparisons,
where the bending moment and the applied axial load have been normalized by the plastic
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moment (Mp) and the squash load (Py) of the steel tubular, respectively. In all of the ___
cases, the maximum axial load that the specimens achieved occurs prior to reaching the
..-
theoretical interaction surface. For the specimens with higher O/t ratios of 69, the
maximum load occurred further away from the theoretical M-P interaction surface. Being
unable to reach the strength predicted by the interaction surface indicates that the
specimens did not achieve their full composite action capacity estimated for the dent-
damaged cross-sections. This occurrence is consistent with the observations presented in
Chapter 3, where cracking sounds within the grouted member were noted in all of the
specimens prior to attaining the ultimate axial load. This cracking is an indication of the
separation occurring between the grout and the steel tubular, reducing composite action
between the two materials. Additionally, specimens with the Oft ratio of 69 which had
experimental force paths further from the interaction surface and develop a high degree of
radial expansion of the tube from the grout due to the Poisson's effect of the steel under
the applied compressive load. This expansion resulted in a rapid deterioration of
composite action, thus causing the grout to fail at a lower than predicted stress level. In
conclusion, for specimens with O/t ratios of 34.5 and 46, the M-P interaction surface
'J
based on full composite action provides a upper bound for strength of the internal grout
repaired members.
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4.3. Specimen Residual and Repaired Strength Assessment
4.3.1. Effect of Dent.Damage on Ultimate Capacity
A comparison of the damaged, non-repaired capacities (Por) of the test specimens of
this experimental program with the capacity (Po) of a similar, yet non-damaged member, is
summarized in Table 4.2 and shown in Figure 4.16. The non-damaged capacity (Po) for
those comparisons was based on the Structural Stability Research Council's Column
Curve 1 [Galambos, 1988]. It is clear from this comparison that a significant reduction in
the ultimate capacity of a damaged member occurs as the depth of the dent-damage
increases. More deeply dented specimens are seen to suffer a loss of capacity of as much
as 72% (Specimen C8 & Specimen A8) of a corresponding member's non-damaged
capacity. Specimens with less severe dent-damage of nominal depth of 0.15D have
residual capacities (Por) that ranged from 50% to 61 % of Po (Specimen C6 & Specimen
A6, respectively). For a given degree of dent-damage, specimens with nominal D/t ratios
of 69 suffered slightly larger strength reductions than the specimens with smaller D/t ratios
of 34.5 or 46. Figure 4.17 shows the normalized non-repaired capacities (Por/Py) displayed
as a function of normalized dent-depth (ddlD) for the specimens tested in this program as
well as for experimental data from similar previous studies [Ricles et aI., 1992; Smith et
aI., 1979 & 1981; Taby et aI. 1981, 1986, & 1988; Pacheco and Durkin, 1988]. Figure
4.17 further illustrates the degradation of ultimate strength associated with the increase in
depth of the dent-damage.
The larger reductions in ultimate capacity associated with deeper dent-depths are
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attributed to the decrease in the bending resistance of the dent-damaged cross-section and
increased eccentricity in the dented cross-section. The moment of inertia of the damaged
section is significantly lowered after the infliction of damage, and continues to deteriorate
as the dent-depth growths under the application of compressive axial load. A larger
internal force couple develops across the damaged section as a result of the eccentricity
that exists between the centroid of the dented and non-damaged portions of the member
and a greater damaged out-of-straightness (op). This internal couple combines with
second order effects to increase the bending demand imposed across the damaged section,
which leads to local failure in the damaged region. Observations of this type of local
failure have been observed in all of the non-repaired specimens tested in the current
program discussed in Chapter 3 of this report.
4.3.2. Effectiveness of Internal Grout Repair
The use of internal grouting was intended to restore the residual strength of a
damaged member back to its original non-damaged strength (Po). The experimental tests
conducted for this program resulted in a dramatic increase in capacity of the internally
grouted specimens compared to the non-repaired specimens. A critical dent-depth of
approximately O.15D was observed to be the limit at which the use of the internal grout
repair is effective at restoring the axial strength of dent-damaged specimens to their
original non-damaged capacity. Figure 4.18 plots the normalized ultimate axial capacity
(Pexp!Py) of the complete database, including the specimens tested herein, against the
normalized dent-depth (diD). Despite a relatively large band of scatter, this figure shows
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that the repairability to original non-damaged strengths by means internal grouting is
limited by the depth (dd) of its dent-damage. It is also known, and will be discussed later,
that the damaged out-of-straightness (Dp) affects the repaired strength. The out-of-
straightness (Dp) in the tests shown in Figure 4.18 varied from O.OOOIL to 0.0211L. The
majority of the scatter in Figure 4.18 is in the small-scale tests conducted by Parsanejad et
al. [1987 & 1992] and by Boswell and O'Mello [1990]. Some of these tests, especially
those of the Boswell et aI., are considered to be somewhat suspect because of their small
scale (0 < 3 inches) and since the grout compressive strengths (f g) reported did not vary
over the entire range of experiments reported. Additionally, the reported elastic modulus
of the grout (Eg) for these specimens does not correlate well with the measured strengths
presented herein or those of other studies that indicate a relationship between the elastic
modulus and the strength of the grout.
A comparison of the repaired strength (Pr) with the non-repaired residual strength
(Pnr), as well as with the non-damaged strength (Po) of the test specimens of the current
program is given in Table 4.3. The relationship between normalized dent-depth (ddlD) and
the repaired capacity-damaged capacity ratio (P/Pnr) as well as between repaired capacity-
" I, J ~'-~ ~
non-damaged capacity (PrIP0) is shown in Figures 4.19 and 4.20, respectively. Table 4.3
and Figure 4.19 both indicate that the internal grout repair of damaged members with an
approximate dent-depth of 0.150 to 0.300 resll1ted in a significant increase in capacity
above the non-repaired strength (Pnr) for all Oft ratios tested. On average, this increase in
capacity after the repair was nearly double the non-repaired strength (Pnr). This
improvement of ultimate capacity after grouting is also reflected in Figures 4.21 through
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4.25, where a comparison of the normalized experimental axial load-shortening
relationships between corresponding non-repaired and repaired specimens at nominal dent-
depths of 0.15D and 0.30D are shown. As indicated in Figure 4.20, specimens with a
dent-depth up to 0.15D had a repaired capacity which was ecwal or exceeded the
.I
specimen non-damaged axial load capacity. Internal grouting alone, however, is evidently
unsuccessful in reinstating the capacity of the specimens with more severe dent-damage (eLI =
0.30D and 8p = 0.006L to O.OIL) to their full non-damaged capacity (Po). For a deeper dent-
depth, a greater reduction in the cross-section's moment of inertia as well as a larger amount of
out-of-straightness OJY'L occurs, thus making it more susceptible to an overall column-type
compression failure. For the values of out-of-straightness of the specimens tested, there
appears to be a eLIlD ratio between 15% and 30% beyond which internal grouting is not a
viable repair method to restore the member's original strength. The specimens with a dent
depth of 0.30D had 8p that ranged from 0.OO6L to 0.01L. The interaction of Dp and eLI on the
residual and repaired strength will be discussed more later. The diameter-to-thickness ratio
(D/t) does not appear to be an important factor in limiting the level of strength recovered
through internal grouting, since the results for specimens of different D/t ratios plotted in
Figures 4.19 and 4.20 do not show any trend.
Improvements to the residual capacity after application of the internal grout repair is
attributed to the prevention of the dent-growth and cross-sectional ovalization observed to
have occurred in the non-repaired specimens, as noted in Chapter 3 of this report. The
internal grouting of the damaged member was shown in Chapter 3 to stop the dent-growth
and related deterioration of cross-sectional properties. By arresting the cross-section from
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further distortion by inhibiting the growth in dent-depth, the moment of inertia of the
damaged steel cross-section does not decrease below its initial damaged value.
4.3.2.1. Effect of Reduced Bond Action
A direct comparison between Specimen B7 and Specimen B7-a was made to study
the effect that poor internal bonding conditions between the internal grout and the steel
tubular had in influencing the effectiveness of the internal grout repair. Specimen B7
represented the baseline case with standard bond properties that were similar to all of the
grout repaired specimens tested in this program. Specimen B7-a emulated a member with
poor bond conditions that may result from possible petroleum contamination, or heavy
corrosion, that may interfere with the grout making effective contact with the steel and
therefore possibly influence the effectiveness of the grout repair. The poor bond condition
was achieved by uniformly coating the interior surface of Specimen B7-a with light 90
weight hydraulic oil prior to the application of the grout repair. As noted in Chapter 2,
several bond test specimens were also conducted to quantify the reduction in bond stress
capable of being transferred from the steel to the grout (see Section 2.2.2.5.). From the
bond test, the bond condition of Specimen B7-a was shown to have decreased from 132
psi to 31 psi, representing a reduction of 76 percent.
"
The normalized axial-load shortening response of Specimens B7 and B7-a are
superimposed onto that of the corresponding non-repaired specimen (Specimen B6) in
Figure 4.25. This figure indicates that a slight softening in the axial stiffness of Specimen
B7-a had occurred when compared to Specimen B7. However, both specimens are
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essentially successful in restoring the strength of the meIl!ber with dent-damage of O.15D
in depth to the non-damaged capacity (Po). A 4% difference existed in the ultimate
capacities attained by Specimens B7 and B7-a, which is within the expected range of
reasonable experimental scatter. A comparison of the normalized midspan lateral
deflections for Specimens B7 and B7-a is shown in Figure 4.26, where there is no relative
reduction in the lateral stiffness of the members. This indicates that compatibility between
the steel tubular and the grout is maintained by some mechanism other than bond action
between the two materials.
The relative degree of composite action within both of the specimens was
established through the compatibility requirements imposed on the grout by the steel
tubular. By forcing the grout to deflect and bend, the steel tubular was able to maintain
the compatibility in curvature between the two materials. The experimental observations
and Figures 4.25 and 4.26 indicate that the transfer of stress through bond action between
the steel and internal grout does not play a significant role in the effectiveness of the
internal grout repair at improving axial capacity for tubulars with a D/t ratio of 46 or less.
Specimens with a higher D/t ratio have a smaller transverse and radial stiffness of the steel
tube, and therefore dilation or distortion of the steel cross-section under compression due
to the Poisson's effect is more likely to occur. The dilation of the steel tube will cause the
bond to break, since the grout has a lower Poisson's ratio and therefore does not dilate at
the same rate as the steel tube. Hence, the bond in members of higher D/t ratio should not
influence the capacity, since the bond is eventually broken.
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4.3.2.2. Effect of Reduced Grout Strength
A direct comparison between Specimen B7 and Specimen B7-b was made to
determine the importance that the compressive strength of the grout had on the
effectiveness of the internal grout repair. In Specimen B7 the compressive grout strength
of the repair was 5640 psi on the day of testing. Specimen B7-b was tested only 14 days
after casting such that the compressive strength of the grout was at 2510 psi, representing
a 45% reduction in the grout strength compared to Specimen B7.
The normalized axial-load shortening response of both specimens is superimposed
onto that of the non-repaired specimen (Specimen B6) in Figure 4.25. This figure
indicates that the axial stiffness of Specimen B7-b was softer than that of Specimen B7 as
. G
the axial compressive load increased, while the ultimate capacity was only 14% less. This
former observation would be expected, since the lower compressive strength corresponds
to a reduction in the elastic modulus of the grout as shown previously in Figure 2.22,
leading to a lower axial and lateral stiffness. Figure 4.26 supports this observation by
showing a corresponding reduction in the ascending lateral stiffness of Specimen B7-b.
The capacity of Specimen B7-b was 13% less than that of Specimen B7. Despite these
reductions in stiffness and strength, Specimen B7-b achieved an axial capacity that was
equivalent to the original non-damaged capacity (Po) of the member. Overall, reduction of
the compressive grout strength has some effect on the overall performance and
effectiveness of the internal grout repair, but it is not pronounced.
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4.4. Comparison of Experimental Results with Theoretical Predictions
') /
J
This section presents the results of a comprehensive efforr1O'ttssess the performance
of various analytical techniques used to predict ultimate capacity and the overall behavior
of both non-repaired and internal grout repaired dent-damaged tubular bracing members.
Analysis of the specimens tested under the current program were conducted. The
geometric and material properties reported in Chapter 2 were included in each analysis.
Statistical comparisons of each analytical method are presented in Tables 4.4 and 4.5 for
the analysis of the non-repaired and repaired specimens of the current program.
Comparisons were made over a range of normalized dent-depths (dd/D) and diameter-to-
thickness ratios (DIt) to assess the sensitivity of ultimate capacity prediction for each of
the analysis methods considered. Results from previous experimental studies were
included in these comparisons whenever applicable data was available, which provided a
total sample size of 60 test for the non-repaired and 76 for internal grout repaired
specImens. Previously tested specimens were limited to those with dent-damage at
midspan, exclusively loaded axially in single curvature, and possessing simple-supported
boundary conditions.
4.4.1. Analysis of Non-repaired Specimens
Presented in this section are the analysis of the dent-damaged specimens without
repair. These analysis are based on theoretical methods presented and discussed in
Chapter 1. As noted above, the comparison between the predicted and experimental
capacities for the specimens tested in this program are summarized in Table 4.4.
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4.4.1.1. Simplified Strength Equations and Beam-Column Methods
Ellinas Strength Equation
The Ellinas strength equation (Equ~.1) was utilized to predict the ultimate
strength of the damaged, non-repaired specimens. The method has been shown to provide
a lower bound for results based on the analysis of previously tested specimens (see Figure
1.8). The ultimate axial load capacity (PEllinas) based on the computed ultimate stress of
the damaged section (crud) found in Equation 1.1 are compared against the maximum
experimental axial loads (Pexp) in column 4 of Table 4.4. Figure 4.27 plots the theoretical
ultimate load normalized by the yield load (Py) of the non-damaged tubular cross-section
against the normalized experimental capacities of the specimens tested in this experimental
program. This figure shows that the Ellinas strength equation provides a similar lower
bound for capacity predictions of the test specimens, and tends to follow a similar trend
that was noted for the comparison involving previously tested results (see Figure 1.7).
The mean and coefficient of variations (COV) for the ratio PEllinaslPexp for the
specimens of this program are 0.78 and 0.0520, respectively, and confirm that the Ellinas
equation is moderately conservative in predicting the ultimate capacity of dent-damaged
tubulars. Figures 4.28 and 4.29 plot the PEllinaslPexp ratio for specimens of this program as
well as those of the previous studies involving non-repaired specimens, as a function of
ddlD and D/t, respectively. Figure 4.28 shows that the Ellinas equation is not especially
sensitive to the depth in dent damage, however, there is a slight reduction in the
conservatism of the predictions as the D/t ratio increases, as shown in Figure 4.29. A
histogram of PEllinaslPexp for all of these specimens is shown in Figure 4.30.
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DENTA
As noted in Chapter 1, DENTA II program includes three stages of analysis:
loading to first yield; inelastic response at ultimate load; and a post ultimate load and
displacement response [Taby et al. 1981, 1985; 1986; & 1988]. The model restricts any
increase in the dent-growth until after reaching the ultimate load. The DENTA II program
predicts an increase in strength beyond first yield of the dented cross-section, but
experimental findings of this stud,y show only a small increase in axial load beyond initial
yield of the specimen in the dent saddle. The experimental results also show that there
exists a growth in dent-depth prior to developing the peak load.
Despite these contradictions, results from the DENTA II analysis for the non-
repaired specimens compare reasonably well with experimental results, as shown in the
axial load-shortening response given in Figures 4.31(a) through (g). For the specimens
with a Dft ratio of 46 or greater, DENTA II provides good correlation in the pre-ultimate
range, but slightly under predicts the load in the response after the peak load is attained.
For the specimens with Dft of 69 and dent-depths of 0.15D or greater, the DENTA II
analysis predicts no deterioration in axial stiffness prior to achieving maximum axial load.
A reduction in axial stiffness prior to peak axial load was observed during experimental
testing. Although ultimate capacity is predicted reasonably well, this deviation from the
experimental axial stiffness prior to ultimate capacity may be attributed to not recognizing
dent-growth prior to failure. Specimens C6 and C8 both recorded significant dent-growth
in their pre-ultimate response range. As a further consequence of the late softening of the
DENTA II prediction, the post-ultimate behavior is significantly conservative.
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Numerical comparisons between the DENTA II analysis and experimental axial load
capacity are given in column 5 of Table 4.4. Figure 4.32 plots the theoretical ultimate
load value that has been normalized by the yield load (Py) against the normalized
experimental values for the current experimental program. The results in Figure 4.32
show that the DENTA II program provides a similar lower bound for the strength
prediction as in the Ellinas strength equation for the specimens of the current test
program. The mean and coy for the ratio POENTA/Pexp are 0.87 and 0.0748, respectively,
and further indicate that DENTA is just slightly conservative in predicting ultimate.
Figures 4.33 and 4.34 plot the POENTA/Pexp ratio as a function of dd/D and D/t, respectively,
for the current program as well as the results from the first phase of this study [Rides et
aI. 1992]. .Figure 4.33 shows that the DENTA II program analysis results are not
especially sensitive to dent-depth, as well as the Dit ratio as shown in Figure 4.34. A
histogram of POENTA/Pexp related to this same data is shown in Figure 4.35. This limited
sample size of analyzed specimens was the result of the proprietary nature of the program
that made extensive analysis of the complete specimen database prohibitive.
UCDENT
The quadratic equation implemented in the computer program UCDENT (Equation
1.5) gives the load at first yield of the dented section for dented members with initial out-
of-straightness (Dp) and any end eccentricity (e) [Rides et aI., 1994]. UCDENT was run
to assess the ultimate strength of the test specimens. Numerical comparisons which show
the exactness of this method are listed in column 6 of Table 4.4. The predicted results, in
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terms of the normalized ultimate strength, are compared with -tile normalized experimental
load in Figure 4.36. The method is shown to provide an extremely conservative lower
bound for residual strength predictions.. having a mean of 0.60 and a COY of 0.1928.
Figures 4.37 and 4.38 both show that this method requires calibration to improve its
accuracy, when considering all of the current specimens and the 53 non-repaired
specimens of others. In Figure 4.37, the ultimate strength predictions are seen to become
extremely conservative as the dent-depth increases. In terms of the Dft ratio, the
UCDENT program is shown to become less conservative at higher Dft ratios. Figure 4.39
shows the histogram of the PUCDENTlPexp ratios for all of the available experimental data
(e.g. 7 non-repaired specimens from the current program and 53 similar specimens
identified previously), where the large scatter of the prediction is attributed to the lack of
calibration of the formulation.
Unity Check Equations
As discussed in Chapter 1, the unity check process involves two equations that
incorporate API-RP2A LRFD [1993] design criteria along with reduced section properties
to estimate residual strength of dent-damaged. The first check, called the "strength"
check, estimates the required axial capacity of the short dented section, which has been
shown by both Loh et al. [1992] and Rides et al. [1992] to predict strengths larger than
those of the second check, and therefore this result does not control. The second check,
or the "stability" check, integrates the column buckling effects and global out-of-
straightness to check the overall instability of a dented member under axial compression.
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This check has b~en shown to be the governing equation in predicting the load-carrying
capacity (PUnityChk) associated with the residual strength of the dent-damaged members
analyzed, implying that instability of the dented cross-section initiates overall member
failure [Loh et aI., 1992; Rides et aI. 1992].
In column 7 of Table 4.4 the ultimate axial load (PUnityChk) based on the stability unity
check equation (Equation 1.4) of specimens tested for this program is compared to the
peak experimental capacity (Pexp) for each of the specimens. The method is shown to have
a mean of 0.92 and a COY of 0.1284 for the ratio of PUnityChkIPexp. The predicted capacity
of the specimens of this program, in terms of the normalized ultimate strength
(PUnityChkIPy), are compared with the normalized experimental load (PexplPy) in Figure 4.40,
where it is seen that the predictions of the specimens with lower normalized capacities
becomes slightly non-conservative. These specimens with lower normalized capacity are
associated with greater dent-depths. Figure 4.41 compares the sensitivity of the prediction
defined by the ratio of PUnityChkIPexp to the depth of dent-damage for the specimens of the
current and previous studies. This figure shows that within the range that the unity check
equation has been calibrated (dd < 0.20D) the scatter is relatively small and the mean for
the PUnityChkIPexp ratio is adequately conservative. Outside of this range of calibration,
however, it should be noted that this method tends to become to non-conservative as the
dent-depth increases beyond the 0.20D limit. Figure 4.42 plots the ratio of PUnityChk/Pexp as
a function of the D/t ratio, where it can be seen a mean sense that the unity check equation
predictions slightly conservative. Figure 4.43 shows the histogram of the PUnityChkIPexp
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ratio for all of the available experimental data, where the scatter is confined to the region
immediately above and below the calculated mean.
4.4.1.2. Moment-Thrust-Curvature (M-P-<I» Based Method
The analysis of the specimens was performed using the program DENT, developed by
\
Fan and Ricles [1994] and based on a moment-curvature formulation. In the moment-thrust
curvature based (M-P-<p) approach, the member was discretized into 21 segments,
conceptually shown in Figure 1.12. The M-P-<I> relationships for dented [Duan et al., 1993]
and undented segments [Chen and Han, 1985; Sohal and Chen, 1984, 1987, and 1988] were
then used in conjunction with numerical integration to account for second order effects and to.
determine the axial load-deformation relationship of a dent-damaged specimen. The specimens
with D/t = 69 had the effects of residual stresses from fabrication accounted for in the M-P-<P
relationships. The M-P-<p relationship for a dented segment is shown in Figure 1.11. Duan's
M-P-<p relationships are based on an assessment and regression analysis of data from over 150
experimental tests of dent-damaged specimens, and represents an empirical expression for the
moment-curvature response of a dented tubular under a given axial load. It should be noted
that the dent-depth (eLi) and out-of-straightness (Op) values of the test specimens in this
database were in the range of up to 0.2D and O.OlL, respectively. A few tests had eLi = 0.23D
and Op between 0.01L and 0.03L, respectively. Also, many of these tests were of a small scale
with diameters (D) that were typically 5 inches or less.
Duan's empirical expression for the M-P-<p relationship is very convenient, for during
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the integration analysis the curvature (<p) can be obtained directly based on the current moment
(M) and axial load (P). For the undented segments of the model, empirical M-P-<p
relationships were also used, having been developed by Sohal and Chen [1984, 1987, and
1988]. Further details of the moment-thrust-curvature M-P-<p based integration method of
analysis are found in Fan [1994] and Matthew [1993].
Comparisons between the experimental axial load-shortening response of each specimen
in the current test program and those generated by the M-P-<p based method developed is
shown in Figures 4.44(a) through (g). These figures indicate that the M-P-<p based analysis
accurately predicts the pre-ultimate behavior and ultimate strength of the specimens with dent-
depths ofO.20D and less. For the comparisons with the specimens with deeper dents ofO.30D
in depth, the ultimate strength is reasonably estimated, however the predicted pre-ultimate axial
behavior is shown to be overly stiff in Specimens A8 and C8, closely following the theoretical
elastic axial stiffness of the specimen. This over estimation of axial stiffness can be attributed to
the under estimation of dent-induced residual stresses associated with the large cross-section
distortions characteristic of the more deeply dented members (eLI = O.30D) that soften the
observed experimental response. Although the M-P-<p relationships do account for the effects
of residual stresses, both due to fabrication and dent-damage, through its calibration to the
experimental database, the database is limited to specimens with less severe dent-damage of
O.20D or less in depth and out-of-straightness (8p) ofO.OIL.
A comparison of the post-ultimate behavior for all of the test specimens shown in
Figures 4.44(a) through (g) over the range of dent-depths considered indicates that the M-P-<p
based method consistently under predicts the axial capacity of the member after the peak load
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has been developed. This under prediction was similarly noted in the load-shortening response
generated by the DENTA IT analysis. Fan [1994] noted that this tendency to under estimate
axial capacity during the descending branch of analysis can be attributed to the sensitivity of the
M-P-cI> analysis program to the length of the dented segment used in the model and the
empirical nature of the M-P-cI> expressions. For the non-repaired specimens, the dented
segment length was observed to play an important role in estimating post-ultimate behavior
through its influence on the convergence of the numerical integration procedure. Although
variation of the dented segment length was shown not to influence the ultimate capacity
prediction, changes in the length of the dent segment were observed to increase the accuracy as
the length was decreased to approximately one half the member diameter (O.5D), and to
prevent the convergence of the program in the descending branch if the length was increased
beyond 3 times the member diameter (3D). An optimum length of the dented segment equal to
twice the member diameter (2D), roughly corresponding to the actual extent of dent-damage
observed on the test specimens, was suggested by Fan [1994] in order to provide the most
reasonable estimate of behavior while ensuring program convergence. Since, the focus of this
report was to evaluate the M-P-cI> based method in terms of its ability to accurately predict the
ultimate capacity of the dented specimens, the recommended dent segment length of 2D was
used in altof the analyses presented herein.
Numerical comparisons between the M-P-cI> based method (PM-P-<I» and experimental
axial load capacity (Pexp) are given in column 8 of Table 4.4. Figure 4.45 plots the
theoretical ultimate load value that has been normalized by the yield load (Py) against the
similarly normalized experimental values. This figure shows that the M-P-cI> based method
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provides a reasonably accurate strength prediction over the range of specimens tested in
this program. The mean and COY for the ratio PM-P-<lJlPexp are 0.91 and 0.1515,
respectively, and further indicate that the M-P-<P based method is reasonably. Figures 4.46
and 4.47 plot this ratio as a function of ddlD and D/t, respectively. Figure 4.46 shows that
the M-P-<P based method in general is not especially sensitive to dent-depth, however, a
data point associated with Specimen C8 (D/t =69, dd = 0.30D) was especially conservative
(PM-P-<lJlPexp = 0.64), whereas the capacity of Specimen A8 (D/t =34.5, dd = 0.30D) with a
similar dent-depth but with smaller D/t ratio was reasonably predicted (PM-P-<lJlPexp = 0.93).
Examination of Figure 4.47 shows that, other than this exception, the accuracy of this
method in general is not especially sensitive to the D/t ratio for the damaged member
analyzed. A histogram of PM-P-<lJlPexp for the tested specimens of this program as well as
some others tested by Smith et al. [1979, 1981, & 1983] is shown in Figure 4.48 and
indicates that the scatter is largely confined around the mean calculated for the ratio of
4.4.1.3. Finite Element Method (FEM)
The non-linear finite element method (FEM) is considered the most advanced approach
of the analytical methods discussed herein. For this purpose, the commercially available finite
element program ABAQUS [1993] was used. The finite element analysis was based on an
updated Lagrangian formulation to capture the effects of large displacements and Green's
strain and second Piola-Kirchoff stress to model the moderate strain levels. The von Mises
yield criterion with isotropic strain hardening was used to model the inelastic material
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properties. Taking advantage of symmetry in boundary conditions, the finite element model of
a non-repaired specimen consisted of 422 eight-node shell elements, 1831 nodes, and
approximately 10400 degrees of freedom. The finite element analysis of a dented member
involved four stages, similar to those of the experiments, namely: (1) supporting the member to
prevent imposing excessive global out-of-straightness damage, and the loading of a knife edge
indentor to create the dent-damage; (2) unloading of the indentor; (3) removal of the indentor
and associated support from the model, as well as specifying the pin-ended boundary
conditions; and (4) applying the axial load and utilizing the modified RIKS solution scheme to
solve for the non-linear axial force-shortening response of the member. A typical mesh for t6e
finite element model of a non-repaired specimen is shown in Figure 4.49. Symmetry exists
along the longitudinal y-axis, with respect to the yz-plane, and at midspan, with respect to the
xz-plane, where the dent exists. Therefore, only one quarter of the specimen had to be
modeled by taking advantage of this symmetry.
Comparisons of the normalized load-shortening curves generated by the non-linear FEM
analysis with experimental data is shown in Figure 4.50(a) through (g). The correlation of the
predicted response to the measured is very good for the specimens with a D/t ratio less than
69. The FEM predictions closely follow the experimental results in the pre-ultimate and post-
ultimate regions. For specimens with higher D/t ratios of 69, the analysis is shown to slightly
over-predict the axial stiffness of the member in the region immediately before ultimate load,
where the experiments are shown to yield and soften (see Figures 4.50(d) and (g)). This can be
attributed to the existence of additional compressive residual stresses from fabrication along the
top surface of the tubular not included for in the FEM model. These residual stresses in
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conjunction with those developed during denting, which are included in the model, soften the
experimental response prior to attaining ultimate load. The prediction of ultimate load is not
effected by this over-estimation of member axial stiffness, however, the post-ultimate FEM
results are shown to under-predict member capacity because of this phenomena.
Numerical comparisons between the FEM analysis and experimental axial load
capacity are given in column 9 of Table 4.4. Figure 4.51 plots the theoretical ultimate
load value of the FEM analysis (PFEM) that has been normalized by the yield load (Py)
against the experimental values (Pexp) normalized in a similar manner. Figure 4.51 shows
that the FEM analysis provides a reasonable strength prediction over the range of
specimens tested in this program, with a slight tendency to over-predict the cap~city of
specimens with dent-damage that is less severe. The mean and COY for the ratio
PFEM/Pexp are 0.99 and 0.0820, respectively, and shows that the FEM analysis is quite
accurate in predicting ultimate capacity over the range of dent-damage considered.
Figures 4.52 and 4.53 plot the ratio of PFEM/Pexp as a function of ddlD and D/t to assess the
sensitivity of this analysis technique to damage and geometric properties, respectively.
Figure 4.52 shows that the non-linear FEM model in general is not especially sensitive to
dent-depth, however, the PFEM/Pexp ratio associated with Specimen C8 (D/t =69, dd =
0.30D) and Specimen A8 (D/t =34.5, dd = 0.30D) were 0.92 and 0.88, respectively, and
slightly more conservative than the specimens with less dent-damage. Figure 4.53 shows
that the accuracy of the FEM analysis in general is not especially sensitive to the D/t ratio
for the member being analyzed. A histogram for the ratio of PFEM/Pexp related to test
specimens of the current program indicates the consistent accuracy of the ultimate
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capacity prediction, as reflected by the relatively small scatter confined about unity in
Figure 4.54.
4.4.2. Analysis of Internal Grout Repaired Specimens
Presented herein are the analysis of the dent-damaged specimens repaired by internal
grouting. These analysis are based on theoretical methods that were presented and
discussed previously in Chapter 1. Comparisons between the predicted and experimental
capacities for the specimens tested in this program are summarized in Table 4.5. AB in the
non-repaired members, the analysis of each repaired specimen involved using the measured
material and geometric properties, which were reported in Chapter 2.
4.4.2.1. Simplified Strength Equations
Parsanejad Equation
Parsanejad's [1987] method is based on beam-column theory, and uses transfo.rmed
section properties to estimate ultimate axial capacity, while accounting for end eccentricity and
the initial out-of-straightness of the grout repaired member. The repaired capacity of the
specimen is obtained by solving a moment-axial load interaction equation (see Equation 1.6),
derived from beam-column theory, for the ultimate axial load. Further details of this method
were presented previously in Chapter 1 of this report. For each of the internal grout repaired
specimens reported herein, the theoretical ultimate axial capacities (PPa=ejad) predicted using
the Parsanejad equation (Equation 1.6) were compared to the corresponding experimental
capacities (Pexp), and are summarized in column 4 of Table 4.5. The results show that the
c
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Parsanejad fonnulation conservatively estimates member ultimate capacity as reflected in the
values for the mean of 0.78 and COY of 0.0729 for the PParsanejadIPexp ratio. Figure 4.55 plots
the theoretical value, which has been nonnalized by the yield load (Py) of the steel tubular,
against the nonnalized experimental values. The results also show this method to
consistently under estimate the repaired capacity of the internal grout repaired specimens.
Additional comparisons are given in Figures 4.56 and 4.57, where the results shown in
Table 4.5 for the ratio of PParsanejadIPexp are combined with similar results from the analysis
ofthe larger database including other test results [Parsanejad et aI., 1987 & 1992; Boswell
and D'Mello, 1988] to determine the sensitivity of Parsanejad's equation to the effect of
depth of dent-damage (dd) and diameter-to-thickness (DIt) ratio of the member,
respectively. These figures suggest that this fonnulation yields relatively consistent
predictions of PParsanejadIPexp over the range of dent-damage and the D/t ratios considered.
A histogram of the PParsanejadlPexp ratio for all available test data is shown in Figure 4.58, where
Parsanejad's equation is shown to have a tendency to provide a lower bound prediction for the
repaired capacity.
Loh Modified AISC-LRFD Equation
Loh [1991] suggested that the AISC-LRFD provisions used to design concrete
filled tubular members could be applicable to predict the ultimate strength of a internal
grouted, dent-damaged tubular if it were assumed that the full length of the repaired
member had a prismatic cross-section that possessed the properties at the dented section.
As explained in Chapter I, this method assumes full-composite action is developed and
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that failure occurs when the overall buckling stress is reached, or material yield stress in
the case of squat members (L < 40 or so).
Numerical comparisons between the results predicted by the use of the Loh
modified AISC-LRFD method (see Equation 1.7) and experimental axial load capacity are
given in column 5 of Table 4.5. Figure 4.59 plots the theoretical ultimate load value
calculated by Equation 1.7 (PMod-AIsc) that has been normalized by the yield load (Py) of
the steel tubular against the normalized experimental values (PexplPy) of the tests of the
current program reported herein. Except for Specimens C7 and C9, this figure shows that
this formulation predicts the ultimate capacity with reasonable accuracy of the internal
grout repaired specimen over the range of specimens tested in this program. The mean
and COY for the ratio PMod-AISClPexp of the specimens tested under the current program are
1.10 and 0.1394, respectively. A histogram of PMod-AISCIPexp for all available test data is
shown in Figure 4.60, where there is an appreciable scatter of the prediction results. This
is associated mainly with the small-scale specimens of Boswell and O'Mello [1988].
Figures 4.61 and 4.62 plot the ratio PMod-AISClPexp as a function of diO and Oft,
respectively, to assess the sensitivity of the Loh modified AISC-LRFD equation to
damaged and geometric properties. Figure 4.61 shows that this equation is not especially
sensitive to the depth of inflicted dent-damage, however, the strength estimations tend to
over-predict capacity as the Oft ratio increases. Both specimens with a relatively high Oft
of 69 tested in this program (Specimen C7, dd =0.150, PMod-AISCIPexp = 1.42; Specimen
C9, dd =0.300, PMod-AlsClPexp =1.23) yielded results that were especially non-conservative
compared to the other specimens examined by this formulation. This situation can be
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explained by noting that the assumption that full composite action is maintained by the
member up to ultimate load is not particularly accurate, since specimens with higher D/t
ratios have relatively thin wall thickness that are susceptible to dilating away from the
grout as axial load is applied due to the Poisson's effect. This dilation results in a
separation between the steel tubular and the grout, where the degree of composite action
within the member is decreased. Cracking heard in the grout during the testing of the
specimens of higher D/t ratio was due to ,this dilation. This loss of composite action
reduces the lateral and axial member stiffness that may combine to prematurely over-stress
the steel tubular through the development of second-order effects or local instabilities.
Yielding of the steel tubular in the dented region has been shown in Chapter 3 to coincide
with ultimate member capacity. Premature yielding of the tubular would contribute
towards lowering the axial capacity of the members with high D/t ratios below the full
composite capacity that is predicted by this formulation.
4.4.2.2. Moment-Thrust-Curvature (M-P-cI» Based Method
In the moment-thrust-curvature analysis method with numerical integration, the M-P-cI>
relationship of a grouted tube segment has to be computed by separate analyses of the cross-
section. The computation involves generating data points corresponding to the moment-
curvature (M-cI» response of the dented and undented sections of the grouted member for a
specified axial force (P). Assumptions in the analysis include plane sections remaining plane
and full bond (i.e. compatibility and composite action) between the steel and grout. The cross-
section of the grouted tube is first discretized into fibers, each fiber representing either steel or
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grout, based on the fiber's location. The material properties for the concrete and steel fibers
are defmed in Figures 4.8(a) and (b), respectively, and are the same as that used for the
calculation of the M-P interaction surface for the repaired specimens. The material properties
of the steel fibers included a Type 2 descending branch in the stress-strain curve to account for
local buckling (see Figure 4.8(b)). This phe~omena is controlled by an a factor in the M-P-<P
program. By adjusting this value, local buckling of the st~el tubular could be adjusted for the
analyzed members that were judged to be more susceptible to local buckling. For specimens,
with the lower D/t ratios (e.g. D/t = 34.5 and 46), this parameter was set equal to 5, which
allowed development of plastification before the stress capacity was lowered. For the
specimens with D/t ratios of 69, the a parameter was set to a lower value of zero (0) to
account for the tendency of tubulars of higher D/t ratio to buckle at the development of peak
stress, which was the yield stress. Consideration of the internal grout material properties had
no tensile stress develop in the grout during the analysis. Development of tensile stress within
the grout was shown to complicate the convergence of the program without any major change
in the accuracy of the methods [Fan, 1994]. The stiffness of the grout, defmed by the ratio of
the elastic moduii of the steel (Es) divided by that of the grout (Eg), or the modular ratio (n),
was fixed at a value of 10 for all of the specimens analyzed, which is consistent with measured
values.
The cross-section of each segment was discretized into 80 fibers, where the steel of the
dented section, the internal grout, and the bottom steel of the tubular were all represented by
10, 60, and 10 fibers, respectively. Other input details used in the M-P-<p base program to
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describe the tested specimens include using model with 21 individual segments, where one
segment in the middle of the model represented the dent-damaged region.
Once the member is discretized and the cross-sectional properties are defined, a data
point corresponding to the M-P-<p relationship was established through iteration, involving the
solution for locating the position of the neutral axis within the cross-section for a specific
curvature (<p) and axial load (P). A sample M-<p relationship computed for Specimen A7
corresponding to an axial load (P) of 232 kips is shown in Figure 4.63. Other aspects of the
M-P-<P approach are similar to those discussed previously for the non-repaired member
analysis procedu~e.
A comparison between the experimental load-deformation relationship of the internal
grout repaired members of the current test program with that generated by the M-P-<p
approach are shown in Figures 4.64(a) through (t). The axial load-shortening response based
on the transformed elastic axial stiffness indicated in Figure 4.64 is computed by the following
relationship:
(4.3)
where the equivalent elastic transformed axial stiffness (K.,q,tr) of the internal grout repaired
member is defined to be:
(4.3 a)
In Equation 4.3.p(a), Etr is equivalent to the elastic modulus of the steel tubular divided by its
cross-sectional area (EIAs), cry is the yield strength of the steel tubular, and Atr is the
transformed cross-sectional area of the grouted member defined as:
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(4.3 b)
As in the analysis of the non-repaired specimens, the M-P-<p based method is shown in Figure
4.64 to accurately estimates the pre-ultimate and ultimate response for the specimens with D/t
ratios of 46 or less. For the predictions of the specimens with higher D/t ratios of 69, the
analysis is shown in Figure 4.64(d) and (f) to over-predict axial stiffness as well as ultimate
capacity. This over-prediction is attributed to the assumption that full composite action is
maintained up to ultimate load, where it has been observed experimentally for specimens with
D/t ratios of 69 to experience a deterioration in the composite action maintained between the
steel and grout. This deterioration leads to failure at axial loads less than the full composite
capacity estimated for these high D/t members.
Numerical comparisons between the M-P-<p based method and experimental axial
load capacity are given in column 6 of Table 4.5. The mean and COY for the ratio PM-P-
",lPexp are 1.19 and 0.18956, respectively, where the scatter can be attributed to the over-
predicted capacities of Specimens C7 and C9. Figure 4.65 plots the theoretical ultimate
load value (PM-P-F) that has been normalized by the yield load (Py) of the steel tubular
against the similarly normalized experimental values of the current test program. Figure
4.65 shows that the M-P-<P based method tends to provide an over-prediction of the axial
capacity for the specimens analyzed, especially for the specimens with a high D/t ratio
(Specimens C7 and C9). Figures 4.66 and 4.67 plot the of PM-P-<I>lPexp as a function of diD
and D/t, respectively. Figure 4.66 shows that the M-P-<P based method in general is not
especially sensitive to dent-depth, however, a ~ata point associated with Specimen C9 (D/t
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=69, dd = 0.30D, PM.p-'!>IPexp = 1.38) is well outside the expected scatter, whereas the
capacity of Specimen A9 (D/t =34.5, dd = 0.30D, PM.p-'!>IPexp = 1.00) with a similar dent-
depth but with a lower D/t ratio was predicted more accurately. Examination of Figure
4.67 shows that the accuracy of the M-P-<p based method in general is sensitive to the D/t
ratio for damaged members having a D/t ratio greater than 46, where the mean result for
the predicted capacity becomes increasingly non-conservative. This is a trend that was
previously noted for the analysis of the non-repaired specimens, except the predictions for
the non-repaired specimens slightly diverged to the conservative side. A histogram for the
ratio of PM.p-'!>IPexp for the test specimens of the current program as well as a few others
tested by Parsanejad et al. [1987 & 1992] and Boswell and D'Mello [1988] is shown in
Figure 4.68, and indicates that the scatter is largely confined around the mean of 0.97 for
all of these specimens.
4.4.2.3. Finite Element Method (FEM)
The non-linear finite element mesh used for analyzing internally grout repaired members
is shown in Figure 4.69, where one-quarter of the member was modeled by taking advantage
of symmetry. The planes of symmetry were identical to those of the non-repaired models,
namely: along the longitudinal y-axis with respect to the yz-plane and at midspan with respect
to the xz-plane. A combination of eight node shell elements and eight node and six node solid
elements were used to model a section of the damaged member from the dent to a longitudinal
distance of three diameters away. The remaining part of the member was modeled using beam-
-----------.
column elements. The solid elements were used to model the internal grout, whereas the shell
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elements were used to model the steel tube. Full bond transfer was assumed between the shell
and the solid elements. The beam-column elements were assigned section properties related to
those of a composite grout filled beam-column. Constraint equations were used to ensure
compatibility between the beam-column and the shell and solid elements at their interface. The
grout was modeled using the confined concrete with tension stiffening option available in the
ABAQUS library for material models. The FEM analysis was based on an updated Lagrangian
formulation to capture the effects of large displacements and to model inelastic material
properties of the steel tubular. The Chen and Chen constitutive model for concrete was used
to model the grout. Taking advantage of symmetry, the FEM model consisted of a total of
about 500 elements and approximately 8300 degrees of freedom.
The finite element (FEM) analysis of an internal grout repaired dented specimen involved
five stages, namely: (l) imposing local dent-damage to the model by laterally. supporting the
member and loading it with a knife-edge indentor to define the coordinates of the elements in
the damaged state; (2) unloading and (3) removing the indentor and lateral support; (4)
defining the stiffness of the solid elements to describe the internal grout and adding them to the
model; and (5) applying the axial load, utilizing the modified RIKS algorithm to obtain the non-
linear axial-force shortening response of the member.
Comparisons between the experimental load-deformation relationship of an internal
grout repaired specimen and that predicted using the FEM analysis is shown in Figures 4.70(a)
through (e). In all of these cases, the response generated by the FEM analysis had a slightly
higher axial stiffness than the experimental data, which is attributed to the assumption that full
composite action is maintained between the grout and steel up to and beyond ultimate load.
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Ultimate load predictions (PFEM) for all of the specimens was generally very reasonable,
o •
although the capacities estimated by the FEM analysis for Specimens A7 (D/t =34.5, ci<J =
/
0.15D, PFEM/Pexp =1.09) and B7 (D/t =46, ~ =0.15D, PFEM/Pexp =1.11) were slightly over-
estimated due to the influence of the increased axial stiffness of the FEM model. For Specimen
B7-b, which was repaired with reduced compressive strength grout (55% less than that of
Specimen B7), the FEM analysis accurately indicates in Figure 4.70(c) the associated reduction
in the ultimate capacity, as was observed experimentally. The post-ultimate behavior is also
shown" in Figures 4.70(a) through (f) to correlate well with the descending branch of the
experimental axial-shortening response curve of those specimens in which the pre-ultimate axial
stiffness was more accurately estimated by the FEM analysis. For the other specimens,
however, post-ultimate behavior under-predicts the axial capacity for a given amount of
shortening as was the case with the other analytical methods for predicting both repaired and
non-repaired behavior. It should be noted that the accuracy on the descending branch of the
load-deformation response was heavily influenced by convergence of the solution, which is
difficult to achieve when several types of elements with different material properties were
involved (e.g. steel and grout), particularly when the strains became large (a likely occurrence
in the dented region of the model). The descending branch of response was for this reason not
computed for larger axial shortening than shown in Figure 4.70.
Numerical comparisons between the FEM analysis and experimental axial load
capacity are given in column 7 of Table 4.5. Figure 4.71 plots the theoretical ultimate
load value that has been normalized by the yield load (Py) of the steel tubular alone against
the similarly normalized experimental values. Figure 4.71 shows that the FEM analysis
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provides a good strength prediction over the range of specimens tested in this program,
with a slight over-estimation of the strengths of Specimens A7 and B7 (PFEM/Pexp = 1.09
and 1.11, respectively) which had smaller imperfections (i.e. smaller dents and less out-of-
straightness), and whose strength is more influenced by the assumption of full composite
action. The mean and COY for the ratio PFEM/Pexp are 1.05 and 0.0749 respectively, which
shows that the FEM analysis is quite accurate in predicting ultimate capacity over the range
of dent-damage considered. Figures 4.72 and 4.73 plot this ratio as a function of diD and
D/t to assess the sensitivity of this analysis technique to damage and geometric properties,
respectively. Figure 4.72 shows that the non-linear FEM model in general is not especially
sensitive to dent-depth, however, the scatter in predicted capacities is higher in those
specimens where global imperfections were relatively minimal (e.g. when dd = O.lOD).
Figure 4.73 shows that the accuracy of the FEM analysis in predicting capacity is not
sensitive to the D/t ratio for the member being analyzed. A histogram of PFEM/Pexp for the
tested specimens of this program indicates the consistent accuracy of the ultimate capacity
prediction as indicated by the relatively small scatter confined about unity in Figure 4.74.
4.5. Repair Feasibility Study
The M-P-<p based method in conjunction with numerical integration is computationally
efficient compared to the FEM analysis, and has been shown above to provide a good
prediction for the ultimate capacity of internal grout repaired members, particularly when the
D/t ratio is less than 46. On this basis, the M-P-<p approach was used to conduct a parametric
study in order to investigate the interaction of global damaged out-of-straightness (0pIL) and
238
dent-depth (cL!/D) on the residual and repaired capacities of non-repaired and internal grout
repaired members, respectively, at the D/t ratios of 34.5, 46 and 69. Member slenderness
(klJr), grout compressive strength (fg), and steel yield strength (cry) were each fixed at 60, 5.0
ksi, and 34.8 ksi, respectively, which were values approximately equal to those of the
specimens discussed herein. The results for the parametric study associated with comparing
non-repaired strength with grout repaired strength as a function of dent-depth (cL!/D) and
damaged out-of-straightness (8p!L) are shown in Figures 4.75, 4.76, and 4.77, where the
strength has been normalized by the yield load (Py~ of the steel tubular. The repaired surface is
represented by the shaded surface. These results show that both the non-repaired and repaired
strengths are significantly influenced by the extent of cL!/D and 8JL. The results for a
parametric study comparing repaired strength and non-damaged capacity are shown in Figures
4.78, 4.79, and 4.80, which each represents a plot relating the variables 8p!L and cL!/D to the
normalized member ultimate capacity (PjPy) for D/t ratios of 34.5,46, and 69 respectively. In
these figures, the shaded surface is associated with non-damaged residual capacity (Po) and the
unshaded surface the repaired strength after internal grouting. The non-damaged strength (Po)
was estimated using the Structural Stability Research Council's Column Curve I [Galambos,
1988] and a member out-of-straightness of 00 =O.OOlL, based on the API-RP2A LFRD [1993]
limit for out-of-straightness. It is seen in these figures, as in Figures 4.75,4.76, and 4.77, that a
greater reduction in repaired capacity and the ability of the repair to increase the damaged
strength of a member takes place when the effects of out-of-straightness and dent-depth are
both considered.
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The line corresponding to the intersection between the repaired strength surface and
non-damaged capacity surface indicates the effect of global out-of-straightness and dent-depth
on repairability and establishes a bound, beyond which the full non~damaged strength cannot be
obtained by an internal grout repair. This bound can be approximated by the following limit
state equations for all three of the D/t ratios considered, which have been obtained through
regression analysis and where,
for D/t =34.5, kUr =60, and diD ~ 0.33,
f (~,~) = - (~) + 0.0099 - 0.008 (~) - 0.0639 (~r
for D/t = 46, kUr = 60, and ~ID ~ 0.36,
(8p dd) (8p) (dd) (dd)2f L'D = - L + 0.0132 - 0.0128 D - 0.0634 D
and for D/t = 69, kUr = 60, and ~ID ~ 0040,
(404 a)
(404 b)
(404 c)
For a given D/t ratio, the internal grout repair is a viable repair technique to restore a
member's capacity to its non-damaged strength (Po) if the values for 8pIL and ~ID result in a
positive solution when substituted into the above limit state equations. As specifically implied
by Equation 4A(a), a member with D/t = 34 and having a dent-depth exceeding 0.33D cannot
have its full non-damaged strength reinstated by internal grout repair, no matter how small the
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member's out-of-straightness may be. A comparison of these regression equations with the
results of the M-P-<p based method and the experimental data for each D/t of the repaired
specimens is shown in Figures 4.81, 4.82 and 4.83. For the specimens with D/t ratios of 46 or
less, the regression is shown to provide a reasonably accurate limit of repairability by use of the
internal grout repair technique. In Figure 4.83, the limit generated by the M-P-<P based
method is shown to over-predict the capacity of these high D/t specimens, since a
corresponding repaired specimen (Specimen C7) had a strength equal to 90% of the non-
damaged capacity (Po), and hence did not restore the full non-damaged strength of the member
following repair despite fulling within the limits of Equation 4.3(c). This te:itncy to over-
predict the ultimate axial capacity of specimens with D/t ratios of 69 was noted in the previous
.
section discussing the accuracy of the M-P-<p based method. The limit state curve in Figure
4.83 therefore needs to be calibrated to more accurately reflect the observed experimental
trend.
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Table ~.1 - Test Specimen Peak Experimental Loads (Pexp)
Test - Nominal Pexp Pexp
Series Specimen Dent-Depth (kips) -'\ Comments
(dd)l Py
1 C1-a 0.10D 85 0.53 Non-repaired
A6 141 0.56 Non-repaired
2 B6 O.l5D 90 0.47 Non-repaired
C6 62 0.46 Non-repaired
3 B17 0.20D 84 0.40 Non-repaired
4 A8 0.30D 62 0.27 Non-repaired
C8 33 0.25 Non-repaired
A7 243 0.94 Internal Grout Repaired
B7 211 1.02 Internal Grout Repaired
5 "B7-a 0.15D 203 0.96 Internal Grout Repaired
B7-b 183 0.89 Internal Grout Repaired
C7 111 0.82 Internal Grout Repaired
6 A9 0.30D 139 0.56 Internal Grout Repaired
C9 81 0.57 Internal Grout Repaired
1 Measured Dent-Depths are Reported in Table' 2.4
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Table 4.2 - Comparison of Non-Repaired Residual Strength (Pnr) with Non-Damaged
Specimen Capacity (Po)
Test Pnr Pnr
Series Specimen (kips) Po
1 Cl-a 85 0.60
A6 141 0.62
2 B6 90 0.49
C6 62 0.51
3 B17 84 0.45
4 A8 62 0.28
C8 33 0.28
Table 4.3 - Comparison of Repaired Strength (Pr) with Non-Repaired (Pnr) and Non-
Damaged (Po) Specimen Capacities
Test Pr ~ ~
Series Specimen (kips) Pnr Po
A7 243 1.72 1.05
B7 211 2.34 1.15
5 B7-a 203 2.25 1.09
B7-b 183 2.03 1.00
C7 111 1.79 0.92
6 A9 139 2.24 0.62
C9 81 2.45 0.64
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Table 4.4 - Comparison of Predicted and Experimental Results for the Residual Strength
of Damaged, Non-Repaired Specimens
Ellinas DENTA UCDENT Unity M-P-<I> FEM
Test Spec. Pexp Equation Check
Series (kips) PEllinas PDENTA PUCDENT PUnityChk PM-P-<I> PFEM
--
--
--
Pexp Pexp Pexp Pexp Pexp Pexp
1 Cl-a 85 0.80 0.89 0.66 0.81 0.94 1.04
A6 141 0.69 0.86 0.62 0.93 1.03 1.08
2 B6 90 0.78 0.94 0.72 0.98 1.03 1.08
C6 62 0.77 0.95 0.70 0.76 0.83 1.02
3 B17 84 0.92 0.83 0.61 0.88 0.92 0.98
4 A8 62 0.98 0.76 0.39 0.93 0.98 0.88
C8 33 0.64 0.88 0.51 1.12 0.64 0.92
Mean l 0.78 0.87 0.60 0.92 0.91 0.99
COY! 0.0520 0.0748 0.1928 0.1284 0.1515 0.0820
Table 4.5 - Comparison of Predicted and Experimental Results for the Strength of Internal
Grout Repaired Specimens
Parsanejad Modified M-P-<I> FEM
Test Spec. Pexp Equation AISC
Series (kips) PParsanejad PMod-AISC PM-P-<I> PFEM
Pexp Pexp Pexp Pexp
A7 243 0.78 1.07 1.09 1.09
B7 211 0.71 1.02 1.09 1.11
5 B7-a 203 0.73 1.05 1.16 1.03
B7-b 183 0.79 0.98 1.05 0.98
C7 III 0.88 1.42 1.63 0.94
6 A9 139 0.76 0.95 1.00 1.07
C9 81 0.82 1.23 1.38 0.99
Mean! 0.78 1.10 1.19 1.05
COY! 0.0729 0.1394 0.1895 0.0749
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2.0 -,--------------.....,
2.01.51.00.5
, Olt = 34.5
\ dd =0.300
\ , Py =247 kips
\ Mp = 657 kip-inch,
\ Theoretical
\.......-- Interaction
\ Surface
\
\,
0.0 -f-......-r-..,.......,.--r--r-+-r-......-r-'"T"""T--r-T""T'-r-......-r-"""";
0.0
0..>-
c: 1.5
-g
.:l
ro
'x 1 0« .
"0Q)
.~
roE 0.5
o
z
Normalized Moment Across Dented Section, MlMp
Figure 4.14 - Moment-Axial Load Interaction for Specimen A9
252
,
I
I
2.01.5
Dft = 69
dd =0.30D
P = 143 kipsy
Mp =386 kip-inch
, 1.00.5
Experiment
/
0.0 -f-.....-r--r--l-r-"'T"'"'T--r-'T-r-r--l-r-"'T"'"'T--'-T"'"'T""'T"'""i
0.0
2.0 -,------:',----------,
,
,
,
,
,
\
\
\
\
I
I
J
I Theoretical
t.--- Interactio~
/ Surface
I
a..>-
a:: 1.5
-g
.5
ctl
~ 1.0
"C
Q)
.!:::!
ctl
E 0.5
o
z
Normalized Moment Across Dented Se~tion, MlMp
Figure 4.15 - Moment-Axial Load Interaction for Specimen C9
"',
'"
253
o NSF ott =34.5
o 2-,-------------------------,
0...
.........
l::
0...
0.50.4
o NSF ott = 46
!::. NSF ott = 64 & 69
o
o
/J)~o
0.1
Non-Damaged
Capacity J
- - - - - - - - - -'- -
0.2 0.3
Normalized Dent-Depth - dclD
Figure 4.16- Effect ofDent-Damage on Specimen Ultimate Capacity
(previous Experimental Data from Ricles et al. [1992] fuc1uded)
c
'g 1.5
0.
ro()
iJ
Q)
~ 1
E
ro
o
I
C
o
E 0.5
iJ
Q)
OJ
ro
E
ro
o O-t-----,----,-----r-----,----,-----r----r----,,...--.------l
o
2--.---------------------,
o Gillum & Ricles
o Smith et al.
t::. Taby et al.
<> Pacheco & Durkin
• Current Program
0.6
o-+--.,.....---.---..--....,..--.,....----,--...,..,.--.,.....----,-----r---r---l
o 0.1 0.2 0.3 0.4 0.5
Dent-Depth-to-Diameter Ratio, djD
Figure 4.17 - Effect ofDent-Damage on Specimen Ultimate Axial Capacity
254
..
20 Ricles & Gillum
>-
a..;:c 1.5 0 Parsanejad et al.
'"0
as
0 6. Boswell & O'Melio
.....I
(ij
1'x • Current Program<t:
'"0
Q)
.!::!
as
•E 0.5
0 0
Z
O-t----,~__r-r-__r-r____.__-r____.__-,..__,....-...,_____1
o 0.1 0.2 0.3 0.4 0.5 0.6
Dent-Depth-to-Diameter Ratio, djD
Figure 4.18 - Effect ofInternal Grout Repair on Ultimate Axial Capacity
0.50.1
0 NSF Oft =34.5 0 NSF Oft =46 t::. NSF Oft =64 & 69
-
t::. d8' ~- ~
-
I I I I
0.2 0.3 0.4
Normalized Dent-Depth - dJD
Figure 4.19 - Relative Increase in Dent-Damaged Utlimate Capacity After Internal
Grouting (previous Experimental Data from Ricles et al.[1992] Included)
255
a
0..
~
0..
2..------------------------,
o NSF Oft = 34.5
0.50.4
Full 0 NSF Oft =46
t
Capacity b. NSF Oft = 64 & 69
_i __ ~e_st:~d_ _ _ _ _ _ _ _ _ _ _ _ .
b.
o
o
0.1 0.2 0.3
Normalized Dent-Depth - dclD
Figure 4.20 : Effectiveness of Capacity Restoration by Internal Grouting
(previous Experimental Data from Ricles et al. [1992] Included)
=5 1.5
~
0-
~()
"0
~ 1
~
E
~
o
I
C
o 0.5~
~
'co
0-
0)
a: O-l----r"----r'----.--.----....--.....----r----,-----r--~
o
256
dd = 0.150
Olt =34.5
Py=255 kipsSpec. A6 (Non-repaired)
•
't •••
...
...
.;.
·.
· .
· .
.
.
. .
.
.
.
• ••• • a."••••••••••••••••
.... . ..
o.0 +--r--r-..............---r---.-,---,---,----r---r---r---r---r---r----r---;,.---;..~.:...;..~
0.000
1.0 -,------L--N-o-n~-o-a-m-a-g-ed~C-ap-a-ci:-ty-, '="po-=--=-o.-=-g-=p:-y-"
---- ------------------
>.0.8
a..
0::
"0g 0.6
.....J
CO
'x
~
"0 0.4
Q)
•!::::!
CO§0.2
z
0.005 0.010 0.015 0.020
Normalized Axial Shortening, oIL
Figure 4.21 - Comparison of Axial Load-Shortening Response for Internal Grout Repaired
and Non-Repaired Specimens, dJ =O.l5D and D/t =34.5
1.0-,--------------------.
dd=0.150
Olt =69
Py= 125 kips
...
...
...
....
......
......
..., .
L Non-Damaged Capacity, Po = 0.88 Py
--- ---------------------
Spec. C7 (Repaired)
/
: ',. • Spec. C6 (Non-repaired)
, . J' ..
· .· .. .
: ......
>.0.8
a..
0::
-0g 0.6
.....J
co
'x
~
"0 0.4
Q)
.!::::!
co
Eo 0.2
z
0.0200.005 0.010 0.015
Normalized Axial Shortening, oIL
0.0 -+--r--r--r--r--r--r--.---,--,--,--.---r--r--r--r--r--r--r--r--i
0.000
Figure 4.22 - Comparison of Axial Load-Shortening Response for Internal Grout Repaired
and Non-Repaired Specimens, dJ = O.15D and D/t =69
257
1.0-r-----------------~·----,
r- Non·:Damaged Capacity, Po = 0.9 Py
______ J _
>.0.8
D..
---D..
"0
~ 0.6
-l
ca
'x
«
"0 0.4
Q)
.t:l
ca§ 0.2 :
z
Spec. A9 (Repaired)
/
spec. A87
.....
.......
.........
dd =0.300
Oft =34.5
Py =255 kips
0.020
0.0 -f-....,.-....,.--,----,----,----,--....,.....--....,.....--....,.....--..,.-.,..-.,....-;-.,.--,....-.,.--.,.--'--,--l
0.000 0.005 0.010 0.015
Nonnalized Axial Shortening, b/l
Figure 4.23 - Comparison of Axial Load-Shortening Response for Internal Grout Repaired
. and Non-Repaired Specimens, eLi =OJOD and D/t =34.5 '
~_ Non-Damaged Capacity, Po = 0.88 Py
_____L~ _
1.0...---------------------,
dd =0.300
O/t = 69
Py = 125 kips
Spec. C9 (Repaired)
/
•••.••••~ Spec. C8 (Non-repaired)
: .
.. . .
.' .
. . .
.
>.~ 0.8
"0
ttl
o
-l 0.6
ca
~
-g 0.4
.t:l
ttl
E
~ 0.2
0.020
0.0 -+-...,.........,--....,.....--..,.-.,....-.,....-r-r-r--'l----r,---:-,-.,....,----:-,--,---,---r--,...-....,.--!
0.000 0.005 0.010 0.015
Nonnalized Axial Shortening, b/l
Figure 4.24 - Comparison of Axial Load-Shortening Response for Internal Grout Repaired
and Non-Repaired Specimens, dd =OJOD and D/t =69
258
1.5,----------;::::::;:::=:;::::::;;:;:::::::;--,
dd = 0.150
Oft =46
Py=205 kips
0.0200.0150.0100.005
-.to./: Spec. B6
•• ~t-Jon-repaired)
...
..........
••:;~'""" r.:.N~n~~~e~~a~c~:.:~=~.~~Y_
• \.,; ltor~
.I I ... ,
I I ~'" Spec. B7-aI ~ '..f I ~~ ' ...... ,... (Reduced Bond)
II ... ~ , ''''' .I
.• S ...........,
• pee. B7 .... ~''''''
(Repaired) ""............... ,••,---- ",.. '....
-- ..- .--.-,.... _- ..
Spec. B7-b
(Reduced
Grout Strength)
. .
0.0 -f----r--,----,--.......,.--....---,-----.----l
0.000
0.5
1.0
Normalized Axial Shortenino, Li/L
Figure 4.25 - Comparison of Axial Load-Shortening Response for Internal Grout Repaired
and Non-Repaired Specimens, eLi =O.l5D and D/t =46
1.5-,---------------------,
1.0
0.5
.
I
Spec. B7-a
(Reduced Bond)
=:..- .•.•.•.
.....- .'....
·-1--'" ... ·-it-.-.
Spec. B7-b (Reduced
Grout Strength)
0.020
0.0 +-----r'--r----,-----r--.,.....--~-____r-___l
0.000 0.005 0.010 0.015
Normalized Lateral Deflection, OIL
Figure 4.26 - Comparison of Lateral Deflection Response for Internal Grout Repaired and
Non-Repaired Specimens, eLi =O.l5D and D/t =46
259
ConservativeMean = 0.78
COV = 0.0520
n=7
1-.-------------------."
>-a..
~
a..Q) 0.8
;i.
'g
g. 0.6
()
~
.£ 0.4
-::::>
co
-c:.~ 0.2 I • Current Program I
0-
XUJ 0 +~-,---r-___,-...._____.-_r___,____,__1
o 0.2 0.4 0.6 0.8 1
Theoretical Ultimate Capacity, PpreJPy
Figure 4.27 - Comparison ofEllinas Strength Equation Predictions with
Experimental Results of Current Test Program
260
o Ricles &Gillum I:>. Taby et al. • NSF-PYI
o Smith et al. <> Pacheco & Durkin
0.50.4
Non-conservative
0.2 0.3
Normalized Dent-Depth, djD
Figure 4.28 - Sensitivity ofEllinas Strength Equation to Depth ofApplied Dent-
Damage for Specimens with Simply-Supported Boundary Conditions
>.
......
'0 2-.---------------------------,
m
0-
m
o
m1.5-i COO n,. 0 01:>. I:>. t
.~ 1 -I--Q.1-..~~.(-I..,~""-~-0~~"""f.9~i-x"~~--0-~~--.-----.:....-.-..j
W
=0 0.5-
a>
+-'
.~
-g O-t----,------,,....---...,..---.------r-----.--.,----.-----,-----4~ J 1 I 1
a.. 0 0.1
o Ricles & Gillum I:>. Taby et al. • NSF-PYI
o Smith et al. <> Pacheco &Durkin
160
Non-conservative
>.
~
u 2-.-------------------------,m
0-
m
o
m1.5-i n ~ 0 I:>. 1:>.,. t! 1 -1----l~-.I-~-g-j"!'I"----g-~-.--g..F~O-I:>.-~---I,l--~----1
=0 0.5-
a>
.§
-0~ 0 -1--.,---...,..-I -'--'I--'--'--I---r--,-1-,--'1--,--..-1--,----1
a.. 20 40 60 80 100 120 140
Oiameter-to-Thickness Ratio, Oft
Figure 4.29 - Sensitivity ofEllinas Strength Equation to Diameter-to-Thickness
Ratio for Specimens with Simply-Supported Boundary Conditions
261
75,-----------------------,
Mean = 0.87
COV = 0.1881
n = 60
Q)
()
a5 50
~
:::l
()
()
o
......
o
>-()
c 25Q)
:::l
CJ
~
L.L
Figure 4.30 - Histogram ofPredicted-to-Measured Capacity Ratio for the
Ellinas Strength Equation (Includes Current and Previous Experimental Data)
262
-------
..........
0.003.
0.003
O/t = 34.5
dd=0.150
P = 253 kipsy
O/t = 69
dd = 0.150
P =135 kipsy
-----------
OENTA
0.001 0.002
Notrnalized Axial Shortening, Li/L
0.001 0.002
Notrnalized Axial Shortening, Li/L
( c) Specimen C6
(b) Specimen A6
1.0IiiI
1.0I I
>-
D..
0::0.5
0:-
0::0.5
0.0 I' ' iii i I
0.003 °
0.0 r ii' iii
0.003 0
O/t = 64
dd= 0.100
P =160 kipsy
O/t = 46
dd=0.150
P = 191 kipsy
-..~
0.001 0.002
Notrnalized Axial Shortening, Li/L
0.001 0.002
Notrnalized Axial Shortening, Ll/L
(c) Specimen B6
(a) Specimen Cl-a
1.0 I "I
0.0 r i I j I i I
o
0.0 r i I I I i I
o
0:-
0::0.5
>-
D..
0::0.5
tv~ 1.01'--------------;::.========:=;-].1
Figure 4.31 - Comparison ofDENTA n and Experimental Results for the Axial Load-Shortening Response ofNon-repaired Specimens
1.0 I i.l
(t) Specimen A8
i I1.0 I i Olt _ 34.5
dd == 0.300
P =227 kipsy
a:-
0::0.5
Olt = 46
dd = 0.200
P = 210 kipsy
OENTA
-----------------
(e) SpecimenB17
cL'
0::0.5
0.0030.001 0.002
Normalized Axial Shortening, ML
OENTA
------------
0.0 f iii I i I
0.003 0
(g) Specimen C8
cL'
0:: 0.5
0.001 0.002
Normalized Axial Shortening, ML
1.0 I i I i I
o t = 69
dd =0.300
P = 132 kipsy
0.0 r iii I i I
o
tv
0\
.j::>.
0.0030.0020.001
0.0 r iii iii
o
Normalized Axial Shortening, Ll/L
Figure 4.31 (Continued) - Comparison ofDENTA II and Experimental Results for the Axial Load-Shortening Response of
Non-repaired Specimens
"1
>-a.. Mean = 0.87 Conservative
---
0-
X COV = 0.0748Ql
a.._ 0.8 n=7
:E-
o
ro
0.
ro 0.60
Q)
.-
ro
E
+:: 0.4
=>
ro
.- ,c
Q)
E 0.2 I I'S:: • Current ProgramQ)0.
X
W
0
0 0.2 0.4 0.6 0.8 1
Theoretical Ultimate Capacity, PprejPy
Figure 4.32 - Comparison ofDENTA II Predictions with Experimental Results
of Current Test Program
265
o Ricles &Gillum • NSF-PYI
0.5
Non-conservative
c
"0 2,.-------------------------.
ro
0-
ro()
ro 1.5-
~ 8 t"~ 1-t----t-B-----~-.----~------..:............
w
=0 0.5-
Q)
:Q
"0~. 0 -f--"""T'"---rl-----,r---.--I--.----rl--,----.---1--.-----1
CL 0 0.1 0.2 0.3 0.4
Normalized Dent-Depth, dclD
Figure 4.33 - Sensitivity ofDENTA II to Depth ofApplied Dent-Damage for.
Specimens with Simply-Supported Boundary Conditions
o Ricles &Gillum • NSF-PYI
160
Non-conservative
>.
."t::
o 2-r-------------------------.ro
0-
ro()
ro 1.5-
~ ~Bot"~ 1-1---*a-:~--=t'.........-----------l
x
w
=0 0.5-
Q)
-o:a~ 0 -l----.---,Ir---r--.--I"""T'"--r--1--r-"T"I--.----rI--.-----rI---r---l
CL 20 40 60 80 100 120 140
Diameter-to-Thickness Ratio, Dft
Figure 4.34 - Sensitivity ofDENTA II to Diameter-to-Thiclmess Ratio for
Specimens with Simply-Supported Boundary Conditions
266
75-.------------------------r
Mean = 0.92
COV =0.1317
n = 12
Q.)
()
~ 50
....
:::J
()
,()
o
..-
o
>-()
c 25Q.)
:::J
0-
Q.)
....
LL
;::g ;::g
0 0
0 0
0
LO <0 ~ CXl (j) 0 .,.... C\! C') ~ U1 LO
0 0 0 0 0 .,.... .,.... .,.... .,.... .,.... .,.... .,....
V II
U1 <0 I'-- CXl en ~ .,.... C\J C') ~
0 0 a 0 0 .,.... .,.... .,.... .,.... .,....
Predicted/Experimental Capacity
Figure 4.35 - Histogram ofPredicted-to-Measured Capacity Ratio for DENTA II
(Includes Data from Current Program and Ricles et al. [1992])
267
1.,---------------,.-,
>.
0..
~
Ql
0.._ 0.8
:E-
u
CO
0.8 0.6
~
E
:p 04:::> .
oS
c
Q)
E 0.2
.[:
Q)
0.
X
W
Mean = 0.60
COV = 0.1928
n=7
I • Current Program I
o 0.2 0.4 0.6 0.8 1
Theoretical Ultimate Capacity, PpreJPy
Figure 4.36 - Comparison ofUCDENT Equation with Experimental Results from
Current Test Program
268
o Ricles & Gillum A Taby et al. • NSF·PYI
o Smith etal. o Pacheco & Durkin
0.5
Non-conservative
tn
Q)
t5
::a~ 0 -t----r----r"I----,--..--I-..,.--...,'--..---.....,----.---1
a.. 0 0.1 0.2 0.3 0.4
Normalized Dent-Depth, dclD
Figure 4.37 - Sensitivity ofUCDENT to Depth ofApplied Dent-Damage for
Specimens with Simply-Supported Boundary Conditions
c
"0 2,.----------------------.
ro
0-
ro()
ro 1.5-
+-'
c
Q)
E 1-
"[ 'la,*~~
~ 0.5- '20 0 0 8 0
o Ricles & Gillum A Tabyetal. + NSF·PYI
o Smith etal. o Pacheco & Durkin
160
c
'g 2-.----------------------.
0-
ro()(ij 1.5 - Non-conservative
i 0 t
.[ 1+------O:-D---O-'f16.-A-~---~g---~
~ ~ j COi tJ+ AA A A
:g 0.5- 0~ ~ +
:§
"'Cl~ 0 +-----,r---r-1-r-.--,--,--T,-..,.----,-1-.,---,'--r--Ir--r--t
a.. 20 40 60 80 100 120 140
Diameter-to-Thickness Ratio, Dlt
Figure 4.38 - Sensitivity ofUCDENT to Diameter-to-Thickness Ratio for
Specimens with Simply-Supported Boundary Conditions
269
75,------------------------.
;g-
o
'-"
Ol(.)
c 50~
:J
(.)
(.)
o
Mean = 0.71
COV = 0.2392
n = 60
-o
>.(.)
c 25Ol
:J
c-
Ol
~
u..
~0
0 0
~ <.0 ~ co 0) 0 T""" "! ('I') ~ LO LO
0 0 0 0 0 T""" T""" T""" T""" T""" T""" T"""
V I A
LO <.0 I'-- co 0) 0 T""" "! ('I') ~0 0 0 0 0 T""" T""" T""" T""" T"""
Predicted/Experimental Capacity
Figure 4.39 - Histogram ofPredicted-to-Measured Capacity Ratio for UCDENT
(Includes Current and Previous Experimental Data)
270
1-.------------~
>.
a..
~
Ql
a..~ 0.8
~
'0
ctl
0..(3 0.6
2
ctl.
E
:;:: 0 4
::J .
.s
c
Q)
E 0.2
'S::
Q)
0..
X
ill
Mean =0.92
COV = 0.1240
n=7
I • Current Program I
o-I'-~--.----.--.--_r___r-~_,.....___r_l
o 0.2 0.4 0.6 0.8 1
Theoretical Ultimate Capacity, PpreJPy
Figure 4.40 - Comparison ofLoh Unity Check Equation with Experimental
Results from Current Test Program
271
o Ricles &Gillum 11 Taby et al. • NSF-PYI
o Smith et al. o Pacheco & Durkin
0.5
t
Non-conservative
0.1 0.2 0.3 0.4
Normalized Dent-Depth, dJD
Figure 4.41- Sensitivity ofLoh Unity Check Equation to Depth ofApplied Dent-
Damage for Specimens with Simply-Supported Boundary Conditions
c
'0 2-,-------------------------,
ctl
0-
ctl()
ctl 1.5
.....
cQ).
E 1111 •
'C 1+~~----42,.JiiJ__r~lJ_-.....=.~--~---------l
~ 0 ~o
X
w
=0 0.5
Q)
"0
::a~ 0-+----.----r-----.--..----.......----r-----.----.------.-----1
a. 0
o Ricles & Gillum 11 Taby et al. • NSF-PYI
o Smith et al. o Pacheco & Durkin
160140
Non-conservative
40 60 80 100 120
Diameter-to-Thickness Ratio, Oft
Figure 4.42 - Sensitivity ofEllinas Strength Equation to Diameter-to-Thickness
Ratio for Specimens with Simply-Supported Boundary Conditions
>.
.....
.~ 2...-------------------------,
0-
ctl()
ctl 1.5
.....
c
Q)E 11
'C 1 -+-~_4lalI_r,......-",o,"-----'-'=-------------1~
Q)
0-
X
w
=0 0.5
Q)
.....
,~
'"C~ O-+--.------.--..-----.--..,.---r-.......----,.--.----,.-...,..--,...----.---I
a. 20
272
~o
.........
75-.---------------------,
Mean =0.91
COV = 0.1926
n =60
0'
Q
~ 50
....
::J
Q
Q
o
"-o
~
c 250'
::J
c-
O'
....
U.
~ ~00 C\l
a 0
LO ~ l': ~ (j) a ...- "! ('I') ~ LO LO0 a a a a ...- ...- ...- ...- ...- ...- ...-
V I I A
U1 ~ l': to (j) a ...- "! ('I') ~
a a a a a ...- ...- ...- ...- ...-
Predicted/Experimental Capacity
Figure 4.43 - Histogram ofPredicted-to-Measured Capacity Ratio for the Loh
Unity Check Equation (Includes Current and Previous Experimental Data)
273
1.0 I I I I
0.003
O/t =34.5
dd =0.150
P = 253 kipsy
0.001 0.002
Normalized Axial Shortenir:Jg, ML
1.0 I I I I
0:-0: 0.5 "\
\
\
\ M-P-ct>
' ....../
....
....
0.003 0.0 ~ I I I ...._-~---. i I
O/t =64
dd = 0.100
P =160 kipsy
0.0020.001
Normalized Axial Shortening, ML
(a) Specimen Cl-a
0.0 r I I I I I I
a
0.:-
0::0.5
1.0 I i I I1.0 I i I I
0.003
O/t = 69
dd =0.150
P =135 kipsy .
0.0020.001
(c) Specimen C6
M-P-ct>
'.... ./
....L
...... ------------------ I
i I' i0.0 r i I
a
0:-
0:: 0.5
0.003
O/t = 46
dd=0.150
P = 191 kipsy
0.0020.001
(c) SpecimenB6
\
\, M-P-ct>
........~
.......... -.. _-----------,
I I II0.0 r j
a
0.:-0:: 0.5
~
.j:>.
Normalized Axial Shortening, ML Normalized Axial Shortening, ML
Figure 4.44 - Comparison ofM-P-<p Based Method and Experimental Results for the Axial Load-Shortening Response of
Non-repaired Specimens
Oft = 34.5
dd = 0.300
P =227 kipsy
0.001 0.002 0.003
Normalized Axial Shortening, ML
Dft =69
dd = 0.300
P =132 kipsy
(f) Specimen A8
0.0 r i I I I I ----,
o
1.0 I i I I
/E<periment
cL'0: 0.5
0.003
(g) Specimen C8
cL'0: 0.5
0.001 0.002
Normalized Axial Shortening, ML
1.0 I I· I I
(e) SpecimenB17
Elastic Axial
Stiffness
\
\ ~ '-
........ /M-P-<t>
0.0 r .........., -.
o I ---i -j' i I
I I1.0 I I Oft _ 46
dd = 0.200
P = 210 kipsy
>.
0-a: 0.5
N
-.I
VI
0.003
0.0 r== I -, I I I i I
o 0.001 0.002
Normalized Axial Shortening, Li/L.
Figure 4.44 (continued) ~ Comparison ofM-P-<p Based Method and Experimental Results for the Axial Load-Shortening Response of
Non-repaired Specimens
I • Current Program I
Mean =0.91 Conservative
COV = 0.1515
n=7
1-r----------------...
>-
\
0: 0.8
C
"0
co
0..8 0.6
Q)
n;
E
~ 04::> .
.$
c
Q)
E 0.2
'C
Q)
0..
X
W o-I'---,.-..,....---r----,r--~--.--..---_.___r---l
o 0.2 0.4 0.6 0.8 1
Theoretical Ultimate Capacity, PpreJPy
Figure 4.45 - Comparison ofM-P-<I> Based Predictions with Experimental
Results of Current Test Program
276
o Ricles & Gillum o Smith et al. • NSF-PYI
0.5
Non-conservative
•
>.
-'0 2-,-----------------------.
~
c..
~()
ca 1.5-
i nR g.... t.~ 1 -Ho~L...o--O--::.~~~IIIIIl.~----::;.:-----.........--------l.--l
X
UJ:c 0.5-
a>
t5
:a~ 0 -t----r--....,..I----,--r--'--r---"'TI----,...--~I-.,---l
0... 0 0.1 0.2 0.3 0.4
Nonnalized Dent-Depth, djD
Figure 4.46 - Sensitivity ofM-P-<P Based Method to Depth ofApplied Dent-
Damage for Specimens with Simply-Supported Boundary Conditions
o Ricles &Gillum o Smith etal. • NSF-PYI
160
Non-conservative
~.~ 2-.------------------------.
c..
~()
ca 1.5-
i ~ ~,,~ 0 tI 1 -+--O""IIElI-~(y' ~----l,,'-:Ii.II-.--------------I..--l
Iii •
:c 0.5-
a>
-.~
'0~ 0 -I-----,--I...---r--T,...----r--~I ,--"T"'-,----r',-...,----rl--.---f
0... 20 40 60 80 100 120 140
Diameter-to-Thickness Ratio, Dlt
Figure 4.47 - Sensitivity ofM-P-<I> Based Method to Diameter-to-Thickness
Ratio for Specimens with Simply-Supported Boundary Conditions
277
75,------------------------,
Mean = 0.96
COV = 0.1140
n=20
0)
(.)
a5 50
....
::::l
(.)
(.)
a
'+-
o
>-(.)
c 250)
::::l
c-
O)
....
u.
~ ~0 0
0 0 0
1.0 <0 I'-: co 0) 0 ..- C\! C") "<:t 1.0 1.0
0 0 0 0 0 ..- ..- ..- ..- ..- ..- ..-
V I /\
~ <0 I'-: co 0) 0 ..- C\! C") "":
0 0 0 0 0 ..- ..- ..- ..- ..-
Predicted/Experimental Capacity
Figure 4.48 - Histogram ofPredicted-to-Measured Capacity Ratio for M-P-<P
Based Method (Includes Current and Previous Experimental Data)
Dent
\
Figure 4.49 - Typical Finite Element Mesh for Non-repaired Specimens
278
1.0'1 I Ii
Oft = 34.5
dd = 0.150
P = 253 kipsy
Experiment
1.0 I \ Ii I
ll..>-
0:: 0.5
Oft =64
dd=0.100
P =160 kipsy
(a) Specimen Cl-a
Elastic Axial
Stiffness
>-Q.;
ii:: 0.5
0.0030.001 . 0.002
Normalized Axial Shortening,.ML
0.0 II" iii iii
0.003 00.001 0.002
Normalized Axial Shortening, .ML
0.0 r iii I i I
o.
tv 1.0 1.0
-.I
\0 (c) SpecimenB6 Oft = 46 1(c)speciC0 ~DIt=WElastic Axial dd = 0.150 dd = 0.150Elastic Axial
Stiffness FEM P = 191 kips >- Stiffness Experiment Py = 135 kipsy
(0.5~ ~:/ Experiment ~ 0.5 ./ FEM. ./
0.0030.0020.001
Normalized Axial Shortening, .ML
0.0 I' Iii I I I
0.003 00.001 0.002
Normalized Axial Shortening, .ML
0.0 r iii i I I
o
Figure 4.50 - Comparison ofFEM Analysis and ~xperimental Results for the Axial Load-Shortening Response of
Non-repaired Specimens
1.0 i I
Olt = 34.5
dd= 0.300
P = 227 kipsy
--------------
1.0 I \ I
cL0:: 0.5
Olt = 46
dd = 0.200
P = 210 kipsy
--.-_-.
(e) SpecimenB17
cL0:: 0.5
0.0030.001 0.002
Nonnalized Axial Shortening, ML
Olt = 69
dd = 0.300
P =132 kipsy
Experiment
0.0 r i I I I I I
o
~------------------
(g) Specimen C8
cL0:: 0.5
0.001 0.002 0.003
Nonnalized Axial Shortening, ML
1.0 I i
0.0 r iii iii
a
tv
00
o
. 0.0030.0020.001
0.0 I"""" iii iii
o
Nonnalized Axial Shortening, ML
Figure 4.50 (continued) - Comparison ofFEM Analysis and Experimental Results for the Axial Load-Shortening Response of
Non-repaired Specimens
I • Current Program I
Mean = 0.99 Conservative
COV = 0.0820
n=7
1.---------------."
>.
a..
'"1t
Q)
a.._ 0.8
C
'0
co
a.
<3 0.6
Q)
Cti
E
~ 0.4
.$
c
Q)
E 0.2
'l::
Q)
a.
x
W o-I'---.---r---r-----.--r----r--r---r-----.--1
o 0.2 0.4 0.6 0.8 1
Theoretical Ultimate Capacity, PpreJPy
Figure 4.51 - Comparison ofFEM Predictions with Experimental Results from
Current Program
281
o Ricles &Gillum • NSF-PYI
0.5
c
'u 2-.------------------------.
-ctl
c..
ctl
o(ij 1.5 - Non-conservative
i ~ • t.~ 1-1-------:lIIr:f~--.'---......T~--- •....,........-----L---1
c..
x
w
:0 0.5-
a.>
t5
:a~ 0 -1----r---,-I----,.--.---I____..-....-----rI--.----...--1 .....----1
a. 0 0.1 0.2 0.3' 0.4
Normalized Dent-Depth, dclD
Figure 4.52 - Sensitivity ofFEM Analysis to Depth ofApplied Dent-Damage for
Specimens with Simply-Supported Boundary Conditions
o Ricles & Gillum • NSF-PYI
160140
Non-conservative
40 60 80 100 120
Diameter-to-Thickness Ratio, Oft
Figure 4.53 - Sensitivity ofFEM Analysis to Diameter-to-Thickness Ratio for
Specimens with Simply-Supported Boundary Conditions
c
'u 2-.----------------------.
ctl
c..
ctl
o
ctl 1.5
-c
a.>
E
'c 1-1-_~i__...-----lM~--------------l--l
a.>
c..
x
W
:0 0.5
a.>
t5
:a~ O-l----,,..-.........-.-----r--,---.......,.......----,--,----,.--r---,--.---l
a. 20
282
75-,---------------------,
Mean = 0.99
COV = 0.0820
n = 12
~o
to
(I')
~ ~0 0
a a a
~ CO I'-- CO (j') 0 ,... "! C':! ~ ~ LO
0 0 0 0 ~o ,... ,... ,... ,... ,... ,... ,...
V I 1\~ CO I'-- CO (j') 0 ,... "! C') ~0 0 0 0 0 ,... ,... ,... ,... ,...
Predicted/Experimental Capacity
Q)
()
a5 50
.....
:J
()
()
o
-o
>.()
c25Q)
:J
0-
Q)
.....
LL
Figure 4.54 - Histogram ofPredicted-to-Measured Capacity Ratio for FEM
Analysis (Includes Current Experimental Data)
283
2.-------:--------~
21.51
.I • Current Program I·
0.5
Mean = 0.78
COV = 0.0729
n=7
O-l'-T_r--r-'T"""'l---r-.,.....,r-r-.--r-T"".--~_,_T_r__r_1
o
>.
\
a..
.~ 1.5
t)
ro
0-
ro
o
"* 1E
+:l
::>
.s
ffi 0.5
E
'C
Q)
0-
X
W
Theoretical Ultimate Capacity, PprejPy
Figure 4.55 - Comparison ofParsanejad's Equation with Experimental Results of
Internally Grouted Specimens from Current Program
284
o Ricles & Gillum b.. Boswell & D'Mello • NSF-PYI
o Parsanejad et al.
Non-conservative
0.1 0.2 0.3 0.4 0.5
Normalized Dent-Depth, deiD
Figure 4.56 - Sensitivity ofParsanejad's Equation to Depth ofApplied Dent-
Damage for Internal Grout Repaired Specimens
c
'0 2-,-------------------------.
ro
0-
ro()
ro 1.5
-cQ)
E
'C 1--I------t"Jl""r...-€~~---------------L-l
Q)
0-
x
W:c 0.5
Q)
."§
-g O-l-----,----,--.,....---r-----,----,--.,....---r----..,....---I
....
a.. 0
o Ricles & Gillum b.. Boswell & D'Mello • NSF-PYI
o Parsanejad et al.
Non-conservative
40 60 80 100 120 140 160
Diameter-to-Thickness Ratio, Dlt
£g 2
0-
ro()
as 1.5
-cQ)
E
'C 1+---',l~---t8--------------'------l.__l
10.5 "0/
Q)
-.~
"0~ 0-1--,.----..,....--.----,-........-,.-----,---.----,-........-,.-----.--...,.---1
a.. 20
Figure 4.57 - Sensitivity ofParsanejad's Equation to Diameter-to-Tbickness
Ratio for Internal Grout Repaired Specimens
285
75-,------------------------,
~a
o(I')
~ ~a,.... a
0 0
~ <0 ~ CO 0) 0 ..... "l C') "": LO LO
0 0 0 0 0 )~ ..... ..... ..... ..... ..... .....V 1 1 1\
~ ~ ~ CO ~ C? ..... C\! cq -.:t
0 0 0 0 0 ..... ..... ..... ..... .....
Predicted/Experimental Capacity
Mean = 0.75
-- COV = 0.1896C n=76
Q)
u
a5 50
....
:::::l
U
U
o
.....
o
>.
u
c 25Q)
:::::l
0-
~
LL
Figure 4.58 - Histogram ofPredicted-to-Measured Capacity Ratio for
Parsanejad's Equation (Includes Current and Previous Experimental Data)
286
•I • Current Program I
Mean = 1.10
COV = 0.1394
n=7
2-r----------------.
>-Q:~
a..
.~ 1.5
()
ct!
0-
ct!
o
Q)
Ci:j 1
E
'';:;
:J
ct!
+-'
a5 0.5
E
'1::
Q)
0-
X
ill o-jl:-T"""'I".......-...--.---,-..,.....,.......--r-..........-r-T"""'I"-.-..........-.-l
o 0.5 1 1.5 2
Theoretical Ultimate Capacity, PpreJPy
Figure 4.59 - Comparison ofLoh Modified AISC-lRFD Strength Equation with
Experimental Results of Internally Grouted Specimens from Current Program
287
75-,---------------------,
Mean =0.87
COV = 0.2272
n =76
Q)
()
a3 50
.....
::::l
()
()
o
-o
>-()
c 25Q)
::::l
c-
~
u.
;::g ~0 0
a 0 0
r.q <0 "': co 0) 0 T""" C\I (V) "<t L() L()
0 0 0 0 0 ..... ..... T""" ..... T""" T""" .....
V I I 1\
r.q <0 f'-. co (j) ~ T""" C\I (V) "<t
0 0 0 0 0 T""" T""" ..... T""" T"""
Predicted/Experimental Capacity
Figure 4.60 - Histogram ofPredicted-to-Measured Capacity Ratio for Loh
Modified AISC-LRFD Equation
(fucludes Current and Previous Experimental Data)
288
\o Ricles & Gillum f:!. Boswell & D'Mello • NSF-PYI
o Parsanejad et al.
0.5
Non-conservative
•
0.1 0.2 0.3 0.4
Nonnalized Dent-Depth, dclD
Figure 4.61 - Sensitivity ofLoh Modified AISC-LRFD Equation to Depth of
Applied Dent-Damage for Internal Grout Repaired Specimens
c
'u 2-,-------------------------.(1j
0-
(1j
o
Ci3 1.5 0 •
..-
a5 Of:!.
E 00
'C 1--I----=---e~l""""4Il_-----........------...I..-~
Q)
0-
X
UJ::c 0.5
Q)
,2
-g O--l----.-----,.- ,....--.,----r----r----.----,-----,.-~
....
a.. a
o Ricles & Gillum f:!. Boswell & D'Mello • NSF-PYI
o Parsanejad et al.
160
Non-conservative
•
•
o 0
o
o
o
40 60 80 100 120 140
Diameter-to-Thickness Ratio, D/t
Figure 4.62 - Sensitivity ofLohModified AISC-LRFD Equation to Diameter-to-
Thickness Ratio fomIntemal Grout Repaired Specimens
c
'u 2-,------------------------,
(1j
0-(1j
o
Ci3 1.5
..-
c
Q)
E
'C 1-I-,,......-Iro~..__4I:Ie_--------------...I..-~
Q)
0-
X
UJ::c 0.5
Q)
t5
:a~ O-l---..----.--.,..---,--..,..----,.--r----r--.-----,--,--r----.-----1
a.. 20
289
600 -,-----------------,
-.400
c
I
0..
:s2
.-
c
Q)
E
a
2 200
•
•
•
Specimen A7
Oft =34.5
dd = 0.150
P =232 kips
0.001 0.0015 0.002 0.0025
Curvature (1finch)
Figure 4.63 - Typical Moment-Curvature (M-<l» Relationship for an Internal Grout
Repaired Specimen at a Compressive Load (P) of232 kips, Dit = 34.5 & dd = 0.15D
290
0.015
--.
D/t = 46
dd =0.15D
P =207 kipsy
Experiment
/
0.005 0.010
Normalized Axial Shortening, ML
(b) Specimen B7
Transformed Elastic Stiffness
1.5 I I i I
0.5
"1.0
>.
a..
0:
0.0 r I I I I I I
0.015 a
'-"
Experiment
/
......... -
------
0.005 0.010
Normalized Axial Shortening, ML
(a) SpecimenA7
Transformed Elastic Stiffness
Ii1.5 I I D/t _ 34.5
dd = 0.15D
P = 257 kipsy
0.0 r i I I r i I
a
1.0
0.5
>.
a..
0:
"
" M-P~
.. ~ /~~
......... -.,
~~
.11.5 I i D/t 69
dd =O.15D
P = 135 kipsy1.0
0.5
>-a..
0:
D/t =46
dd = 0.15D
P = 205 kipsy
~~~~
~~ M-P-<I>
~~'~i
......
Transformed Elastic Stiffness
1.0
0.5
>.
a..
0:
~ 1.511~--------~i;:========;-J.I
0.0 r i I I I I I 0.0 r I I I I I I
00.005 0.010 0.015 a 0.005 0.010 0.015
Normalized Axial Shortening, ML Normalized Axial Shortening, ML
Figure 4.64 - Comparison ofM-P-<I> and Experimental Results for the Axial Load-Shortening Response ofInternal Grout
Repaired Specimens
Oft =34.5 .
dd =0.300
P =247 kipsyTransformed Elastic Stiff':less
(e) Specimen A9
1.5 I I I I
0.5
1.0
>.
0-
a::
0.015
Oft =69
dd =0.300
P = 143 kipsy
~. - r ~\ M-P-<I>
'... J......
......
... ......
0.005 0.010
Normalized Axial Shortening, ~/L
(t) Specimen C9
,- Transformed Elastic Stiffness
~
~
~
~
0.0 r iii I i r I
a
0.5
1.0
.1.5 I i I I
>.
0-
a::
to
'0
to
0.015
0.0 r I I iii I
a 0.005 0.010
Normalized Axial Shortening, ML
Figure 4.64 (continued) - Comparison ofM-P-<I> and Experimental Results for the Axial Load-Shortening Response ofInternal
Grout Repaired Specimens
2
>.
0.. Mean =1.19
"c. COV =0.1895x
Q)
0.. n=7
:ff 1.5
0
ctl
0-(tj
0
Q)
.- 1ctl
E
.';::;
•~
(ij
.-
c 0.5Q)
E
·C
• Current Program IQ)0-X
W
0
0 0.5 1 1.5 2
Theoretical Ultimate Capacity, PpreJPy
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Figure 4.79 - Comparison of Residual Strength with Non-Damaged Capacity for kL/r =60
and D/t =46 (f'g =5.0 and Sy =34.8)
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CHAPTERS
SUMMARY AND CONCLUSIONS
5.1. Summary
The results of an experimental program has been presented involving six series of
tests that consisted of 14 large-scale dent-damaged tubular bracing members having a
nominal D/t ratio ranging from 34.5 to 69. The dent-depths of these specimens ranged
from a nominal value of 0.10D to O.30D. The first four test series involved non-repaired
specimens that were tested to failure under direct axial load to determine their ultimate
capacity and overall performance. The other two test series involved testing
corresponding repaired specimens that were internally grouted, following the infliction of
dent-damage to a specified dent-depth, to obtain their load-deformation response. Direct
comparisons were made between the test series that enabled a direct evaluation of the
effect of the depth of dent-damage on member strength and to assess the effectiveness of
the repair at restoring axial capacity. Existing analytical methods for predicting the
behavior and strength of damaged, non-repaired and grout repaired members were
evaluated through comparisons with- experimental results over the range of values for
dent-depth and out-of-straightness involved in this test program. These analytical
methods included: ultimate strength beam-column formulations, moment-thrust-curvature
(M-P-<I» based method in conjunction with numerical integration, and non-linear finite
element method (FEM). Parametric studies using the moment-thrust-curvature (M-P-<I»
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based method were performed to assess the limits of reparability of dent-damaged steel
tubular bracing members through the use of internal grouting.
5.2. Conclusions
Based on the observation and results of the experimental program presented herein,
the following conclusions are given:
(1) Tubular bracing with dent-damage at midspan of the member's length
suffer a significant reduction in axial compressive capacity. The reduction
in the ultimate capacity of the damaged member increases as the nominal
depth of the dent-damage increases from of 0.10D to O.30D. Members a
with higher D/t ratio were typically subjected to a greater strength
reduction at a given degree of damage.
(2) Internal grout repair is successful in increasing the residual strength of
damaged tubular members over the entire range of dent-depths and out-of-
straightness considered. The improvement in ultimate capacity is attributed
to the arresting of inward dent growth which causes a local instability and
the loss of cross-sectional properties.
(3) Internal grout repair is successful in reinstating the original non-damaged
member strength for members with out-of-straightness and dent-depths less
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than approximately O.002L and O.15D, respectively. The extent of strength
enhancement is also limited by the D/t ratio due to the increased
susceptibility to local buckling for members with higher D/t ratios.
Members with dent-depths of O.30D in depth were unable to regain full
capacity since the dramatic reduction in cross-sectional properties and
relatively large out-of-straightness are not improved by the internal
grouting.
(4) Poor bond conditions between the steel tubular and the grout did not effect
the effectiveness of the grout repair for members with a D/t ratio of 46 or
less. Composite action between the tubular and the grout is not necessarily
maintained by the transfer of shear through bond action. Transverse
stiffness of the steel tubular enforces curvature compatibility, thus members
with a relatively large wall thickness and a low D/t ratio are less dependent
on bond action between the steel tubular and the grout to ensure a
successful repair.
(5) A reduction in the grout compressive strength resulted in a slight decrease
in the axial and lateral stiffness when compared to a corresponding
specimen with a higher grout strength. Ultimate capacity was also slightly
reduced with the introduction of grout with a lower compressive strength.
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(6) Moment-axial load interaction surfaces provide a good estimation of the
non-repaired member's residual strength. For internal grout repaired
specimens, however, this method provides an upper bound prediction for
the ultimate capacity.
(7) The Ellinas strength equation provides a conservative lower bound in
predicting ultimate capacity of non-repaired members. The conservatism
of the residual strength prediction tends to be reduced when specimens
with higher D/t ratios are examined.
(8) The residual strength and axial load-shortening response of the non-
repaired, damaged members is closely predicted by the DENTA program.
(9) The UCDENT formulation requires calibration to account for the effects
associated with increased depths of dent-damage and higher D/t ratios.
(10) The Loh unity check equation is controlled by the "stability" limit state
equation. This formulation agrees well with the non-repaired experimental
data over its range of calibration (dd < 0.20D). For members with dent-
depths beyond this limit, capacity predictions· become increasingly less
conservative.
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(11) Parsanejad's strength formulation for predicting the strength of internally
grout repaired members can provide an acceptable lower bound
prediction.
(12) The Loh modified AISC-LRFD equation is reasonably accurate at
predicting ultimate capacity of the internal grout repaired specimens.
Increased scatter in the prediction was noted at higher D/t ratios.
(13) The M-P-<P based method in conjunction with numerical integration is able
to reasonably and efficiently predict the behavior of non-repaired and
repaired specimens with D/t of 46 or less.
(14) The non-linear FEM analysis provides the closest correlation, to
experimental behavior over the range of non-repaired and internal grout
repaired specimens considered.
(15) Parametric studies using the M-P-<P based method indicate that the
interaction of dent-depth and out-of-straightness can have a significant
effect on the ultimate strength of a member.
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5.3. Recommendations
Based on the results and conclusions presented herein, the following areas are
recommended for future research:
(1) Conduct additional tests on large-scale dent-damaged specimens to expand
the available experimental database and to allow more accurate calibration
of available analytical techniques. This expanded database should include
the effects of dent-depth (cL!), member diameter-to-thickness ratio (D/t),
location of damage along member length, various load combinations
(including lateral loads), and overall member out-of-straightness (Dp).
(2) Conduct additional tests on large-scale tubular brace specimens with
internal grouting that does not extend over the full length of the member.
Understanding the influence of the incomplete grout fill would expand the
use of the internal grout filled repair technique to members where weight
considerations are important. This examination should include the effects
of dent-depth, member diameter-to-thickness ratio, location of damage and
repair along member length, and overall member out-of-straightness (Dp).
(3) Conduct tests on large-scale damaged tubular braces with grouted sleeves
to assess their ability to reinstate a dent-damaged member's capacity to its
full non-damaged strength. The investigation should include the effects of
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dent-depth, member and sleeve diameter-to-thickness ratio, location of
damage and repair along member length, and overall member out-of-
straightness (Op).
(4) Conduct additional large-scale tests that determine the effectiveness of the
internal grout repair to cyclic loading conditions. Tests should determine
whether exposure to alternating stress cycles (i.e. compression to tension)
or stress ranges influences the long term performance of the grout repair.
(5) Perform large-scale frame tests, where dent-damaged bracing members are
included to determine the influence that their damage has on the overall
structural performance. The investigation should evaluate the accuracy of
the various analytical methods used to predict ultimate strength of the
members which have realistic end conditions and loadings.
(6) Perform large-scale frame tests, that include internal grout repaired bracing
to determine their influence on structural performance of the system. The
investigation should determine the accuracy of the various available
analytical methods under realistic conditions and loadings.
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